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Abstract 
Current detection of Ventricular Septal Defects (VSD) in pediatric patients can be difficult for hard to 
reach anatomy, such as apical defects, or for multiple VSDs.  Existing technology such as Magnetic 
Resonance Imaging (MRI), catheterization, and echocardiography can be expensive, dangerous, or simply 
does not provide adequate images of these holes in the septal wall.  Similarly, state of the art treatment 
practices have definitive limits in capability.  Cardiac Transcatheterization and subsequent implantation 
of an occlusion device may not succeed as the occluder may be too close to heart valves or in relation to 
each other in the case of multiple or ―swiss-cheese‖ defects.   
Oftentimes, the best course of action is open heart surgery, the gold standard of pediatric VSD patient 
care.  However, even in this type of surgery visualizing and repairing VSDs can be difficult.  Delineating 
the borders of a VSD from the right ventricle can be stifled by the complex geometry of the heart wall.  
Conversely, opening the smooth-walled left ventricle may result in nervous conduction path disturbances 
or blockages as the surgeon dissects the heart tissue.   
This thesis describes the design, fabrication, and testing of a small, integrated camera system for 
visualizing and aiding in the repair of Ventricular Septal Defects (VSDs) in open surgery.  Currently, a 
device to view VSDs from the left ventricle does not exist, though it is ideal for clearly viewing these 
congenital heart defects. This device will help solve some of the major problems associated with current 
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imaging and surgical closure of VSDs in children by allowing the surgeon to view VSDs from the left 
ventricle.  Furthermore, this device would include a tool capable of deploying through the VSD and 
grasping a suture to better demarcate its location.   
First, current detection and treatment practices and limitations will be discussed, including state of the 
art echocardiographic techniques, transcatheterization, and open surgery.    Next, the investigational 
device will be described from concept through development, including the formulation of customer 
requirements into engineering requirements.  The application of Quality Functional Deployment, Design 
Failure Modes and Effects Analysis, and Voice of Customer methods to this project will be conveyed.  
Similarly, the design process for initial development of the device will be reviewed, including creation of 
each prototype build.  Lastly, preliminary test methods and results will be discussed, concluding with an 
overall device analysis and description of future work. 
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Definitions 
Aortic Valve: The valve in the heart connecting the left ventricle to the aorta. 
Analog: Measuring or representing data as points on a continuous scale. 
Anterior: In front of. 
Antegrade: Forward moving. 
Aortotomy: Incision of the aorta. 
Apical VSD: A defect located in the ventricular septum, near bottom of the heart. 
Arrhythmia: Irregular heart beat. 
Atriotomy: Incision of the atrium in the heart. 
Atrioventricular Block: Also referred to as AV Block, Impairment of the nervous system conduction 
pathways between the atrium and ventricle. 
Brightness: the measure of color from light to dark. 
Bronchoscope: An instrument used to view the air passages of the lungs. 
Cardiac Catheterization: A diagnostic procedure that allows a physician to examine the interior of the 
heart and surrounding vessels. 
Cardiomyocyte: A cell of muscle tissue in the heart. 
Cardioplegic Arrest: Stoppage of heart activity, both electrical and mechanical. 
Cardiopulmonary Bypass: A technique to temporarily circumvent the normal function of the heart and 
lungs during surgery.  
Chroma: Measure of color saturation of an image. 
Coarctation of the Aorta: A congenital defect resulting in the narrowing of the aorta. 
Colorfulness: The difference of a color versus gray. 
Complimentary Metal-Oxide-Semiconductor (CMOS): a technology used in the construction of 
integrated circuits. 
Composite Video (NTSC): National Television System Committee, Common form of analog video. 
Concomitant: At the same time as. 
Congenital: Present at birth. 
Contrast: The extent to which differing areas of an image compare in brightness. 
Coronary Sinus: A short area in the heart that collects blood from the veins and empties into the right 
atrium. 
Cyanosis: Lack of oxygen in the blood. 
Digital: Measuring or representing data as a series of either 1 or 0. 
Distal: Away from. 
Electrocardiogram (ECG): A graphical recording of the electrical signals produced by the heart.  
Echocardiography: A noninvasive diagnostic technique that uses ultrasound to study the structures and 
function of the heart. 
Embolism: The blocking of a narrow capillary bed in a distant part of the body. 
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Endocardial Fibroelastosis: A thickening of the innermost lining of the heart chambers due to increased 
supporting connective tissue. 
Endocarditis: Inflammation of the innermost lining of the heart and valves. 
Endoscope: A general term for a long, slender device used to examine the interior of a bodily organ. 
EtO Sterilization: Sterilization of a device through exposure to Ethylene Oxide gas. 
Femoral Vein: A large vessel that carries blood between the knee and hip. 
Fluoroscopy: Using a continuous stream of x-rays to evaluate bodily structures. 
Focal Length: The distance from a lens to its focus. 
Field of View (FOV): The angular extent visible in an image. 
Hue: A particular gradation of color. 
Hypertrophy: The increase in volume of an organ or tissue due to enlargement of its cells. 
Infarction: The process of tissue death caused by blockage of the blood supply. 
Intraoperative: During surgery. 
Laparoscope: A long, slender device used to look inside organs of the abdominal cavity. 
LCD: Liquid Crystal Display. 
LED: Light Emitting Diode. 
Left Atrium: The upper chamber of the heart that receives blood from the pulmonary veins 
Left Ventricle: The lower chamber of the heart that sends blood to the aorta.  
Lightness: a measure of illumination. 
Median Sternotomy: Incision in the middle of the chest, over the sternum. 
Membranous VSD: Also known as perimembranous VSD. A defect located in the membranous septum, 
near the tricuspid and aortic valves. 
Mitral Valve: Connects the left atrium and left ventricle. 
Mortality: Death rate. 
Morbidity: Incidence of a disease. 
MRI: Magnetic Resonance Imaging. 
MTF: Modulated Transfer Function. 
Muscular VSD: A defect located in the ventricular septum. 
Myocardium: The middle muscular layer of the heart wall. 
Neonate: A baby from birth to 4 weeks old. 
Nitinol: A superelastic alloy of nickel and titanium that can undergo a reversible strain after an applied 
stress. 
Numerical Aperture: a dimensionless number that characterizes the range of angles that a system can 
accept. 
Occluder: A device that partially or completely blocks an opening. 
Optical Format: The diagonal size of an imager. 
Palliative: A temporary treatment that can alleviate the symptoms of a disease without curing. 
PCB: Printed Circuit Board. 
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Pediatric: A branch of medicine that deals with the care of infants, children, and adolescents. 
Percutaneous: Beneath the skin. 
Pericardium: A membrane that contains the heart and roots of the great vessels. 
Posterior: Behind. 
Potentiometer: A variable resistor. 
Proximal: Near to. 
Pulmonary Hypertension: High blood pressure in the vasculature of the lungs. 
Pulmonary Valve:  Connects the right ventricle and the pulmonary artery. 
Purse String Suture: A surgical technique where the surgeon threads a suture around the periphery of a 
hole.  The suture may then be pulled tight to close the hole.   
Quarter Video Graphics Array (QVGA): Refers to a computer display with 320 x 240 resolution; often 
used in mobile devices like cellular phones. 
Radiograph: An x-ray diagnostic machine used to generate an internal image of the body. 
Resolution: The number of pixels per square inch of a computer display. 
Right Atrium: The upper chamber of the heart that receives blood from the vena cava. 
Right Ventricle: The lower chamber of the heart that pumps blood to the pulmonary arteries. 
Seldinger Technique: A surgical technique where the desired vessel or cavity is punctured by a hollow 
needle, or trocar and a guide wire is advanced through the lumen of the trocar into the cavity. 
Sepsis: Occurs when an infection enters the blood stream; commonly called blood poisoning. 
Septum: The wall of the heart. 
Sharpness: An image’s degree of clarity. 
Shunt: A hole or passageway that allows blood to move through it.  
STERRAD: Acronym for sterilizing radiation; a type of sterilization process that uses hydrogen gas 
plasma to sterilize medical devices. 
Tachycardia: Elevated heart rate. 
Thoracoscope: A thin-tube instrument used to view the inside of the chest. 
Thrombosis: Clotting of blood in a vessel. 
Trabecular Muscle: Cardiac muscle often characterized by its finger-like projections. 
Tricuspid Valve: Connects the right atrium to the right ventricle. 
Ventriculotomy: Incision of the ventricle in the heart. 
Ventricular Septal Defect (VSD): A hole in the wall connecting the two lower chambers, or ventricles 
of the heart. 
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1. Background 
1.1. Introduction and VSD Overview 
According to the Adult Congenital Heart Association, approximately 1 out of every 500 children born 
in the US will have a congenital heart condition known as a Ventricular Septal Defect (VSD) [1].  A VSD 
is a hole in the interventricular septum, or wall that separates the two lower chambers, or ventricles of the 
heart that fails to close after birth. In healthy anatomy (Figure 1), blood returns to the heart in the right 
atrium (RA), passes through the tricuspid valve into the right ventricle (RV), and through the pulmonary 
semilunar valve into capillaries permeating the thin endothelial tissue of the lungs. Blood then returns to 
the heart from the lungs via the pulmonary veins into the left atrium (LA), through the mitral valve to the 
left ventricle (LV), and is pushed out the aortic semilunar valve into the aorta and systemic circulatory 
system.  
 
Figure 1: Diagram of a healthy heart. Reprinted from http://www.childrenshospital.org  
 [2]. 
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In a healthy individual, the resistance measured in the pulmonary circuit is considerably lower than in 
the rest of the body.  Since these two circuits (pulmonary and systemic) are connected in series, the 
pressure in the right ventricle is lower than that of the left ventricle.  However, in a patient with a VSD, 
the normal flow from the left ventricle to the aorta is partially diverted back to the right ventricle, forcing 
oxygenated blood to mix with deoxygenated blood.  This redirection of flow causes an increase in 
pressure inside the ventricles and pulmonary circuit (known as pulmonary over-circulation), oftentimes 
leading to additional defects and forcing the heart to work harder to compensate.  Furthermore, this 
redirection results in increased myocardial and respiratory energy demands, sometimes making a patient 
lethargic and leading to weight loss. Other symptoms often associated with VSD include pulmonary 
hypertension, tachycardia (elevated heart rate), increased respiratory rate, difficulty breathing and 
feeding.  If left uncorrected, this over-circulation can result in increased pulmonary vascular resistance 
and severe right ventricular hypertrophy.  Over time, the healthy flow of blood will reverse across the 
VSD, leading to shunting of deoxygenated blood from the RV to the LV and the clinical appearance of 
cyanosis.  The severity of these effects can drastically increase with the size and number of defects 
present [3].   
According to Children's Hospital Boston, the two most common forms of a Ventricular Septal Defect 
are: perimembranous and muscular.  Perimembranous defects are the most common form, occurring in 
75% of all VSD cases.  They are found in the upper section of the ventricular septum, often near the 
tricuspid and aortic valves of the heart.  On the other hand, muscular VSDs are found in the lower section 
of the ventricular septum and are the second most common type of VSD (20% of all cases) [4].    Figure 2 
illustrates common Ventricular Septal Defects.  
VSDs occur in a variety of sizes and in rare cases, can occur multiple times in the same septum, a 
type of VSD referred to as a ―Swiss-cheese‖ defect [5]. ―Swiss-cheese‖ defects can be especially difficult 
to diagnose and correct.  This defect has a number of holes of various sizes closely grouped together, 
resembling the pattern of holes found in Swiss-cheese.  Because of this anatomy, repair can become 
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difficult as the proximity of defects may be too close to allow multiple occluders to be deployed. Often, 
there is a need for reoperation to close remaining, residual VSDs. 
 
Figure 2: Illustration of a Different Types of Ventricular Septal Defects. Reprinted from 
http://www.childrenshospital.org [6]. 
 
1.2. Current Detection Techniques and Limitations for VSDs 
Because of their diversity and location, detection of Ventricular Septal Defects can sometimes be 
difficult.  Though a variety of methods currently exist to do this, these techniques exhibit varying degrees 
of success; the most common of which can easily be used in a general practitioner's office.  The resulting 
recirculation of blood through the septal wall from the left to right ventricle through the VSD frequently 
produces an audible murmur that can be heard with a stethoscope during a routine physical and is often 
found within a few weeks after birth. However, this method fails to determine the exact location, size, and 
severity of defect(s) present in the heart [7].  For this reason, most diagnoses rely on a multitude of 
imaging techniques.  A physician or cardiologist may recommend a chest x-ray or radiograph to take 
images of the thoracic cavity, checking for enlargement of the heart or changes to the lungs that would 
indicate the presence of a heart defect as shown in Figure 3.   
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Similarly, an electrocardiogram (ECG) uses electrodes adhered to the skin to record the electrical 
activity of the heart.  From this data, a cardiologist can detect any abnormal rhythms (arrythmias) that 
should not be present during the normal contractions and relaxations of the heart by identifying unusual 
peaks or valleys in the graph.  A large membranous VSD can be diagnosed through an ECG similar to 
that shown in Figure 4. An ECG can be effective at identifying that a problem exists, but like a 
stethoscope or chest x-ray, cannot determine the exact size, location, or severity of the defect [8].   
 
 
Figure 3: Chest radiograph of 4-month old infant. The defect is shown by the red arrow.  Reprinted 
from http://www.childrenshospital.org [9]. 
 
 
Figure 4: ECG of 7 month old infant with a large membranous VSD. High peaks on Lead II (red 
arrow) show right atrial enlargement, while biphasic peaks on Lead III show left atrial 
enlargement.  Reprinted from http://www.childrenshospital.org [8]. 
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Once it is determined that a defect exists, a cardiologist may rely on a combination of imaging 
techniques to identify the size, location, and severity of the defect. These include an echocardiogram 
(echo), cardiac catheterization or angiography, and cardiac magnetic resonance imaging (MRI).  While 
each of these methods provides varying degrees of image clarity, cost can often be a limiting factor. 
Two or three-dimensional (3D) echocardiography utilizes common ultrasound techniques to form 
two-dimensional slices through the heart, with 3D and Doppler techniques allowing for real-time three-
dimensional and blood flow imaging, respectively. 3D Echocardiography allows a surgeon and their team 
to visualize the anatomical structures of the heart in real-time. In Doppler Echocardiography, by 
analyzing the pattern of blood flow through the septal opening, it can be determined how large the hole is 
and how much fluid is passing through it.  Unfortunately, an Echo image is not always clear and can lead 
to false negatives or positives, an obviously dangerous flaw [10, 11]. 
 
Figure 5: View of VSD (red arrow) using standard 2D Echocardiography.  Reprinted from The 
American Journal of Cardiology, vol. 51, H. Capelli, J.L. Andrade, and J. Somerville, 
“Classification of the site of ventricular septal defect by 2-dimensional echocardiography,” pp. 
1474-1480, 1983 with permission from Elsevier [12]. 
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Figure 6: Doppler Echocardiogram of VSD. The red arrow shows the location of the VSD.  
Reprinted from Catheterization and Cardiovascular Interventions, vol. 72, Z. Amin, Q. Cao, and Z. 
Hijazi, “Closure of muscular ventricular septal defects: Transcatheter and hybrid techniques,” pp. 
102-111, 2008 with permission from Elsevier [13]. 
 
 
Figure 7: 3D echocardiographic image of VSD (red arrow). Reprinted from Catheterization and 
Cardiovascular Interventions, vol. 72, Z. Amin, Q. Cao, and Z. Hijazi, “Closure of muscular 
ventricular septal defects: Transcatheter and hybrid techniques,” pp. 102-111, 2008 with permission 
from Elsevier [13]. 
 
A relative newcomer to medical imaging is cardiac catheterization, a procedure that provides detailed 
images of the structures of the heart.  In a typical procedure, a small tube is inserted into a femoral blood 
vessel of a sedated patient.  At the end is a small camera or sensor that returns information on pressure, 
oxygen and structures present in the four chambers of the heart.  Oftentimes, a contrast medium is used to 
improve visualization, a procedure known as fluoroscopy.  While safe in adult patients, there is some 
debate about whether the procedure poses a risk to infants. Unfortunately, catheterization requires a large 
area to maneuver and turn, making imaging in smaller patients problematic as the camera could 
potentially puncture the vessel or heart wall [14].   
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Similar to catheterization, a variety of reusable endoscopes are available to view anatomy inside the 
body.  These scopes come in a wide array of sizes (diameter and length), stiffness (flexible, rigid, or semi-
rigid), and may have a channel that allows a specially designed grasper to be inserted into the tool.  While 
this may seem like a useful solution for VSD repair and visualization, at the time of this writing a 
sufficient scope was not found.  Existing scopes either lack adequately small size (<5mm OD), a useful 
tool, an onboard LCD, or a combination of these things.  In addition, these systems rely on expensive and 
cumbersome fiber optic systems both for vision and a light source.  According to Johnson and Johnson, 
the cost of a flexible endoscope has risen to $88,611 in 2006, up from $15,925 in 1996 [15].  Johnson and 
Johnson goes on to say that current endoscopic systems are quite fragile and susceptible to damage during 
handling and transportation, with 70-90% of overall damage due to these two factors.  As a result of 
costly repair, the lifespan of the scope is reduced, and the price per surgery is increased.  While fiber 
optics may offer a practical solution to further reducing the size of a device, as will be discussed later, 
current designs are simply too costly for use in the limited number of severe VSD cases seen in a year.   
Cardiac Magnetic Resonance Imaging is a non-invasive test that utilizes the magnetic properties of 
water in the body to produce three-dimensional images showing blood flow and functioning of the heart.  
Despite MRI's success, there is still room for improvement.  An MRI requires the patient to be still, 
sometimes requiring that younger patients be sedated.  In addition, the constant beating of the heart can 
cause blurred images that may make the detection of VSDs difficult.  MRI is more expensive and takes 
more time to perform than other forms of imaging [11].  Lastly, the American Heart Association 
recommends that patients with pacemakers do not undergo MRIs, as the strong magnetic field may 
interfere with the implanted device's operation.   
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Figure 8: MRI image of the heart and greater vessels.  Reprinted from 
http://www.radiologyinfo.org [11]. 
 
Each of these imaging methods is limited in some way, either by occasionally missing more unusual 
defects like anterior muscular and apical muscular VSDs, by altogether misdiagnosing other more 
common defects, or simply because of the patient's unique anatomy or condition (an infant vs. an elderly 
patient).  Instead, surgeons may attempt to directly locate the VSD during open surgery. This allows a 
surgeon to see the exact defect size and severity in relation to the rest of the anatomy.  Furthermore, this 
can be done on a variety of patients immediately prior to closing the defect [16].   
Due to the smooth-walled muscle lining the LV, the borders of a VSD are easier to locate from the 
LV than through the trabecular musculature of the RV wall. According to Dr. Max Mitchell (project 
collaborator and pediatric cardiothoracic surgeon) many surgeons would prefer to locate septal defects 
through the LV due to the ease of finding defects and subsequent decreased time in surgery, thereby 
reducing the risk to the patient during and after surgery.  However, opening the LV can cause significant 
damage to the function of the heart, often limiting this pre-surgical method of detection to only the RV, 
using one of two procedures: 1) through a right atrial incision to look through the tricuspid valve, or 2) 
through an incision directly in the RV [16].  Unfortunately, this method still remains imperfect, as a 
defect seen through the RV would be like looking through a thick mesh screen; one large defect may 
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appear like many smaller ones as illustrated in the below figure. Thus, while looking through the LV side 
would be preferred by most surgeons, a RV approach is often performed with only modest results. A 
typical surgeon’s view of a VSD through the tricuspid valve is shown in Figure 9. 
 
Figure 9: Ventricular Septal Defect as viewed from the Tricuspid Valve.  Reprinted from The 
Journal of Thoracic and Cardiovascular Surgery,  vol. 115, T. Kitagawa, L. Durham, R. Mosca, and 
E. Bove, “Techniques and results in the management of multiple ventricular septal defects,” pp. 
848-856, 1998 [21]. 
 
 
1.3. Existing Treatment Options and Limitations for VSDs 
While most Ventricular Septal Defects will close on their own shortly after birth or cause few issues 
as the patient ages, the remaining 20% will require intervention of some type [13]. Like VSD imaging 
techniques, a variety of methods and success rates exist for treatment as well.  In mild cases or during the 
period prior to surgery, medication to lessen the effects of the defect may be prescribed.  The medications 
include drugs to keep the heartbeat regular, increase the strength of the contraction, or reduce the amount 
of fluid in circulation such as beta blockers, Digoxin, and Ferosemide, respectively [18].  While 
pharmaceuticals may be effective in some cases, most still require further medical management.  The two 
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primary forms of care for severe cases of VSD are cardiac transcatheterization and implantation of an 
occluder to mechanically fill the hole(s), and open heart (primary) surgery to directly repair the defect 
[19].  While both interventions are widely used in the treatment of ventricular septal defects, they each 
have their strengths and weaknesses. 
Some forms of muscular VSD have been successfully closed using transcatheter or perventricular 
delivery of occluder devices. Currently, there are a number of occluder devices in use for this purpose that 
function in similar ways.  The first transcatheter VSD occlusion was performed in 1987, a newcomer 
compared to open surgery, which was first performed in Frankfurt, Germany by Dr. Ludwig Rehn in 
1896. Occlusion of Ventricular Septal Defects through cardiac transcatheterization is performed by first 
sedating the patient, inserting a catheter into a femoral blood vessel in the groin, and then by guiding the 
device into the heart via a catheter.  The occlusion device is typically some variation of two disks 
separated by a thin mesh that serves to plug the hole (See Figure 10).  
 
Figure 10: Image of an Amplatzer VSD Occluder Device. Reprinted with permission from AGA 
Medical Corporation. License work is the sole property of AGA Medical Corporation. [20]. 
 
In general, the occlusion device is held in the tip of the catheter and guided through the VSD from 
either the right or left side with a guide wire and help from echocardiographical or angiographical 
imaging. The device is then deployed in the Ventricular Septal Defect, with a disk on either side of the 
heart wall to block the flow of blood through the defect.  Over time, the endothelial tissue and 
cardiomyocytes will grow into the implant, incorporating the device into the tissue.  There are a variety of 
11 
 
devices currently in use for this purpose that function in the same basic way. Some of these devices are: 
the Rashkind device, Gianturco coils, the buttoned device, the STARFlex device, CardioSEAL, and many 
others [21-25].  Table 1 lists the results of 16 patients that underwent VSD repair with a Rashkind Device. 
Of the 14 surviving patients, 5 had a residual shunt immediately following surgery, with only 5 of those 
patients having a residual shunt at a 6 month follow-up.  Figure 11 through Figure 13 show some of the 
above mentioned devices. 
Table 1: Clinical outcome and follow-up for patients that underwent VSD repair with the Rashkind 
Device.   Reprinted from Catheterization and Cardiovascular Interventions, vol. 46, S. Janorkar, 
T. Goh, and J. Wilkinson, “Transcatheter closure of ventricular septal defects using the 
Rashkind device: Initial experience,” pp. 43-48, 1999 with permission from Elsevier [21]. 
Patient Devices Immediate Outcome 6 months 12 months 
1 2 (12 and 17 mm) No residual shunt/no shunt No shunt No shunt 
2 1 (17mm) No residual shunt No shunt No shunt 
3 1 (12 mm) No residual shunt No shunt No shunt 
4  Died   
5 1 (12 mm) Moderate residual shunt Small shunt Trace shunt 
6 1 (17 mm) No residual shunt No shunt No shunt 
7 2 (12 and 17 mm) Small shunt/no shunt No shunt No shunt 
8 2 (12 and 17 mm) Residual shunt/no shunt Trace shunt Trace shunt 
9 1 (17 mm) No residual shunt No shunt No shunt 
10 1 (12 mm) Residual shunt Trace shunt Trace shunt 
11 1 (17 mm) Residual shunt No shunt No shunt 
12 2 (12 and 17 mm) Residual shunt/no shunt No shunt No shunt 
13 5 (17, 12 + 12, 17 + 12 mm) Residual shunt/no shunt/no shunt Trace shunt Trace shunt 
14 1 (12 mm) Residual shunt Trace shunt Trace shunt 
15 1 (17 mm) Residual shunt No shunt No shunt 
16  Died   
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Figure 11: From left to right: Two Amplatzer devices, CardioSEAL occluder, STARFLEX Occluder.  
Reprinted from http://www.childrenshospital.org [26]. 
 
 
Figure 12: Chest radiograph showing the implanted Gianturco coil (indicated by red arrow).   
Reprinted from Annals of Thoracic Surgery, vol. 68, H. Latiff, M. Alwi, G. Kandhavel, H. 
Samion, and R. Zambahari, “Transcatheter closure of multiple muscular ventricular septal 
defects using Gianturco coils,” pp. 1400-1401, 1999 with permission from Elsevier [27]. 
 
 
Figure 13: VSD occlusion with the Buttoned Device (OCC).  Reprinted from Heart, vol. 77, E. 
Sideris, K. Walsh, J. Haddad, C. Chen, S. Ren, and H. Kulkarni, “Occlusion of congenital 
ventricular septal defects by the buttoned device,” pp. 276-279, 1997 with permission from Elsevier 
[24]. 
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The use of transcatheter occlusion has been shown through various studies to be an acceptably safe 
management option for patients with complex VSDs as well as postoperative residual shunts as long as 
both the patient and device are chosen carefully [19, 28-30].  For patients weighing less than 7 kg, their 
femoral vessels are simply too small to accommodate the delivery systems used for transcatheter closure. 
In addition, VSD occluders come in stepped sizes (see Figure 14).  As a result, these devices are not an 
exact fit for every anatomy and may become unstable if the device is not properly sized. Thus, patient 
selection in transcatheter closure of VSDs is crucial to a successful operation [31].  Moreover, the 
catheterization process in general poses a risk to the patient. These risks include impingement of the 
catheter on a major vessel or heart wall that can lead to unseen lesions on these surfaces, sometimes 
leading to nervous signal conduction disturbances in the heart. In cases with multiple VSDs located a 
short distance apart, closure of these holes with occluder devices may be impossible simply due to their 
close proximity.  Furthermore, complications can result from exposure to the ionizing radiation found in 
fluroscopy.  These problems only increase with smaller patients [32-37].  Another concern with 
transcatheter closure of VSDs is simply the lack of knowledge about how the device will perform inside 
the body over time, a process which could take decades.  Similarly, existing transcatheter devices tend to 
leave a large amount of foreign bodies behind, leading to such complications as thrombosis, embolisms, 
endocarditis, or even sepsis [38].  
Within the last few years, AGA Medical Corporation has developed a series of VSD occluder devices 
using a Nickel-Titanium alloy, commonly referred to as Nitinol that can be implanted using 
transcatheterization [20, 26, 31, 39-42].  This device is currently approved by the FDA [30, 43, 44].  
Unfortunately, Nitinol remains expensive despite its emerging widespread use in biomedical applications 
(the Amplatzer AGA Medical Corporation devices retails for around $4500) [45, 46] and is not readily 
reabsorbed by the body, leading to possible further unknown complications as the material ages in vivo 
[47].  Furthermore, the Amplatzer device still retains the same major flaws inherent in other transcatheter 
devices: 1) the use and risks of catheterization, 2) the requirement for careful device and patient selection, 
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and 3) lack of surgeon knowledge due to the recent development of the device class as a whole [48]. 
While the Amplatzer device simplifies implantation compared to a variety of devices, deployment still 
requires a number of steps and complicated, remote manipulation. Figure 15 shows the process for 
deployment of the Amplatzer Occluder.  
 
Figure 14: Different sizes of Amplatzer Devices available.  Reprinted from Circulation, vol. 100, Z. 
Amin, X. Gu, J. Berry, J. Bass, J. Titus, M. Urness, Y. Han, and K. Amplatz, “New device 
for closure of muscular ventricular septal defects in a canine model,” pp. 320-328, 1999 with 
permission from Elsevier [41]. 
 
 
Figure 15: General procedure for insertion of the Amplatzer Occluder Device.   Reprinted from 
Circulation, vol. 100, Z. Amin, X. Gu, J. Berry, J. Bass, J. Titus, M. Urness, Y. Han, and K. 
Amplatz, “New device for closure of muscular ventricular septal defects in a canine model,” 
pp. 320-328, 1999 with permission from Elsevier [41]. 
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Figure 16: Amplatzer Occluder (red arrow) after 1 month of implantation.  Reprinted from 
Circulation,  vol. 100, Z. Amin, X. Gu, J. Berry, J. Bass, J. Titus, M. Urness, Y. Han, and K. 
Amplatz, “New Device for Closure of Muscular Ventricular Septal Defects in a Canine Model,” pp. 
320-328, 1999 with permission from Elsevier [41]. 
 
Direct operative closure using cardiopulmonary bypass with cardioplegic arrest currently remains the 
―gold standard‖ for treating VSDs that do not naturally occlude, due primarily to its versatility and time-
tested effectiveness [17].  A 10-year follow up study conducted by Monro et al. stated that the survival 
rate for open surgery was roughly 97%, with the incidence of re-operation for residual shunts or 
complications at less than 5% [49].  During an open-heart procedure, the patient undergoes general 
anesthesia and is placed on a cardiopulmonary bypass machine.  The surgeon may repair the defect either 
with sutures directly, a graft of the pericardium, or more commonly by a synthetic patch that allows the 
endothelial tissue of the heart to overgrow and eventually become a natural part of the body. More 
recently, because of surgery's innate flexibility, a surgeon could even elect to use a transcatheter occlusion 
device to quickly close the hole as visualized from the RV, or by using a perventricular RV approach 
without cardiopulmonary bypass, if appropriate [17]. This type of technique, known as a hybrid 
technique, can be quite effective.  However, other hybrid methods utilizing transcatheterization still 
require further evaluation [50]. Figure 17 shows a common primary surgical technique for closure of 
Ventricular Septal Defects. 
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Figure 17: Oversized patch technique used in the surgical repair of Ventricular Septal Defects. 
Reprinted from Journal of Thoracic and Cardiovascular Surgery, vol. 115, Kitagawa, T., Durham, 
L., Mosca, R., and Bove, E., “Techniques and results in the management of multiple ventricular 
septal defects,” pp. 848-855, 1998 with permission from Elsevier [17]. 
 
A major benefit of open surgery is that it can be applied across a wide range of patient anatomy, size, 
and concomitant disease without regard to patient selection, ranging from small infants to adults (post-
infarction VSD) [27, 51].  During this surgery, the surgeon can also repair other defects often associated 
with VSDs, such as coarctation of the aorta. The current results of surgery are excellent, with most 
medical centers referring patients for VSD closure as soon as it is clear that spontaneous closure will not 
occur.  Furthermore, surgical knowledge of open-heart surgery is extensive. With ever increasing 
technology and surgeon training, surgery is being performed on ever younger patients without negatively 
affecting postoperative prognoses, resulting in reduced time patients are required to undergo aggressive 
medical therapy to maintain growth and prevent heart failure [52].  Earlier surgery reduces the period of 
time that patients are exposed to pulmonary over-circulation and elevated intraventricular pressures, 
leading to decreased risk of infection and complications later in life related to deformation of the septum 
and enlargement of the pulmonary arteries and veins [53, 54].   
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Unfortunately, open surgery has its draw backs as well. Any procedure requiring the use of 
cardiopulmonary bypass places the patient at risk for a variety of complications, including neurologic 
injury, bleeding, and infection.  Open surgery may be further limited by difficulty in localizing the VSD.  
Even in the most common VSDs, such as perimembranous defects, difficulty in visualizing the defect 
may result in residual shunts.  In the most difficult situations, as those cases with multiple defects, with 
one or more defects located in the anterior muscular septum or the apical muscular septum, open surgery 
can be severely limited.  Inability to close these types of holes may necessitate palliative treatment with 
pulmonary artery banding to promote spontaneous closure or defer management until the patient is large 
enough to undergo transcatheter device or surgical closure. Even if successful, this approach requires re-
operation to remove the pulmonary artery band.   
Table 2 compares two patient groups; one treated using the Amplatzer Occluder, the other using open 
surgery. It should be noted that the table does not account for patient selection criteria or number of 
surgeons able to perform the procedure. In general, the surgical group was able to handle younger patients 
(4.4 years old versus 7.5) and larger VSD sizes (8.2mm versus 4.8mm). However, the surgical group did 
not perform as well in other categories, with statistical differences in complication rate, median hospital 
stay, and median time to normal activity.  
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Table 2: A comparison of results from VSD repair using the Amplatzer Occluder and Classic 
Surgical Repair.  Reprinted from International Journal of Cardiology, vol. 120, C. Xunmin, J. 
Shisen, G. Jianbin, W. Haidong, and W. Lijun, “Comparison of results and complications of 
surgical and Amplatzer device closure of perimembranous ventricular septal defects,” pp. 
28-31, 2007 with permission from Elsevier [55]. 
 Amplatzer Group Surgical Group P value 
Number 73 48  
Median age (years, range) 7.5 (3.1-17.5) 4.4 (2.2-12.1) <0.05 
Male (%) 33 21 NS 
Median VSD size (mm, range) 4.8 (2.4-11.5) 8.2 (5.5-14.5) <0.01 
Procedural Success (%) 97 100 NS 
Complication rate (%) 19 52 <0.01 
Complication affecting 
management (%) 
5.5 8.3 NS 
Decrease LVEDD at 1 year (%) 8.6 7.7 NS 
Decrease CT ratio at 1 year 
(%) 
5.2 4.8 NS 
Median hospital stay (days, 
range) 
3 (2-6) 11 (8-20) <0.01 
Median Cost (¥) 48,521 44,058 NS 
Median time to normal 
activities (weeks, range) 
2 (1-3) 6 (4-9) <0.01 
NS, not significant; VSD, ventricular septal defect; LVEDD, left ventricular end diastolic diameter; 
CT, cardiothoracic. 
 
Due to the nature of the procedure, open surgery has an associated risk of general infection and 
operative mortality (<1%), compounded by the length of time a patient is in surgery [56-58]. Additional 
risks, although rare (1-2%), include incidence of tricuspid valve replacement, atrioventricular block, 
secondary heart failure, and endocarditis, all risks identified with transcatheterization as well [59, 60]. 
Although these risks are commonly low due to current aseptic surgical techniques, for those patients who 
undergo surgical intervention, it is still crucial to minimize time in the Operating Room in order to 
minimize any risk to the patient.  
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1.4. The Pediatric Population 
In order to design a product for a specific population, it is necessary to understand the composition of 
that target group.  According to the US Food and Drug Administration guidance document, ―Premarket 
Assessment of Pediatric Medical Devices,‖ the pediatric population can be divided into four subgroups: 
newborn or neonate (newborn to 1 month), infant (1 month to 2 years), child (2 to 12 years), and 
adolescent (12 to 21 years) [61].  This device will primarily target the neonate and infant subgroups. 
 
1.5. The Intracardiac Camera Approach 
In some cases of more routine VSD closure, visualization can be unexpectedly difficult, making 
complete closure very challenging and possibly leading to residual VSDs.  In difficult surgical repair of 
VSDs, including cases with residual shunts following attempted surgical closure, the ability to visualize a 
VSD from the left side of the ventricular septum atraumatically would greatly enhance surgical treatment 
of the future. Through standard surgical approaches, many muscular VSDs are difficult to identify at best.  
The trabeculated musculature of the RV, combined with the distance from the tricuspid valve or 
pulmonary artery, limits the effectiveness of conventional approaches to treat anterior, low mid-muscular 
and apical VSDs.  In these types of cases, a right ventriculotomy is often required, which can lead to 
myocardial injury and complicate surgical delineation of the actual borders of the VSD.  Unless the VSD 
can be properly discerned, residual shunting lesions may result.   
In order to bypass this issue, visualization from the left ventricle would be ideal due to the non-
trabeculated, smooth wall inherent to the LV.  While a left ventriculotomy may provide adequate 
exposure, resulting LV dysfunction seriously limits clinical application.  Other options do exist for 
visualizing internal anatomy without damaging fragile anatomy: rigid and flexible bronchoscopes, 
choledochoscopes, thoracoscopes, and laparascopes.  Unfortunately, all of these devices are purpose-
designed for other procedures and poorly suited for the examination of VSDs in children, primarily due to 
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their extreme diameters and lengths.  Furthermore, these devices require cumbersome cable connections 
to light sources, power sources, and viewing screens outside of the crowded surgical field inherent to 
open heart surgery in pediatric patients.   
To further complicate the situation, little to no design effort has been made to develop technology to 
aid in the treatment of these patients.  Without treatment, such children have limited life expectancy.  
Therefore, the creation of a device, similar to the system presented here, that could solve these issues 
would be lifesaving, benefitting up to 1,000 patients per year in North America alone.  In addition, this 
technology would be useful in the intraoperative evaluation and management of residual VSDs following 
conventional surgical closure.  Other patient populations that could potentially benefit include those with 
complex sub-aortic obstruction, endocardial fibroelastosis, and complex double outlet RV variants.  Older 
adult patients with a post-infarction VSD and patients that require evaluation of prosthetic valve leaflet 
mobility following mechanical heart valve implantation would also benefit from this device. 
Here a novel camera system is developed to permit visualization of VSDs from the left side of the 
septum without the need for either right or left ventriculotomy.  This device would primarily be useful in 
several difficult clinical scenarios: 1) multiple VSDs, 2) anterior muscular VSDs, and 3) apical muscular 
VSDs.  After median sternotomy and institution of cardiopulmonary bypass, the aorta will be clamped 
and the heart arrested with antegrade cardioplegia.  A right atriotomy will be made as in standard VSD 
operations.  The camera will be housed in a small diameter probe and introduced into the LV through an 
accessible concomitant VSD in cases of multiple VSD in which one or more VSDs are readily accessible 
across the tricuspid valve.  In contrast, access to the LV will be achieved through the atrial septum 
antegrade across the mitral valve in cases without an accessible VSD.  Alternatively, the device may be 
introduced across the center of the aortic valve under direct vision through a limited aortotomy.  In cases 
with an open aorta, additional doses of cardioplegia may be administered retrograde through the coronary 
sinus, or by direct coronary injection if required.  The left atrium will be vented by standard techniques to 
decompress and clear the left ventricle as with typical VSD closure.   
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The probe’s onboard viewing module and illumination allows the surgeon to clearly inspect the LV 
and other adjacent structures of the heart.  In addition, the camera’s short focal length facilitates 
visualization in the cramped LV of a child’s decompressed heart.  Due to the smooth wall of the LV, 
VSDs will be easily identifiable.  NTSC video output from the camera will be displayed on the LCD 
screen on the device, with optional connections for a traditional operating room monitor.  Using the 
rotation wheel on the device, a surgeon can rotate the camera view and inspect 180 degrees around the 
left ventricle without adjusting the overall position of the device.  A surgeon would have a clear, full-
color, real-time image of the interior of the heart using this device.  Using the information obtained from 
this view, a surgeon would then be able to select the most appropriate method to close the defect. 
One option for aiding in closure would be to use the retractable tool contained in the device.  Using 
onboard camera guidance, a small port near the tip of the probe will allow a cable hoop to be passed 
through the VSD from the LV to the RV, effectively identifying the VSD location.  Then, a suture 
without a needle would be passed through the cable hoop, drawn back into the probe, and extracted 
through the entry site used to introduce the probe.  This approach will allow the surgeon to maintain 
localization of the VSD after the camera has been withdrawn.  Closure would then be accomplished using 
conventional techniques, such as the double-sandwich patch technique [1]. In this technique, a patch 
would be attached to the suture from the left side, and pulled against the LV septum to cover the VSD.  
Next, a second patch would be placed against the right side of the defect and secured to the right 
ventricular surface.  The double-sandwich patch technique has been used successfully with blind left-
sided approaches through adjacent VSDs or a transmitral approach [62].  This camera system would 
greatly augment the application of this technique.  The techniques required to provide adequate 
myocardial protection, vent the heart, introduce the camera system, and repair an aortotomy are common 
to modern neonatal congenital cardiac surgery and can be performed by any competent neonatal cardiac 
surgeon.     
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2. Device Concept  
2.1. General Problem Discussion 
As previously discussed, the typical surgical approach to repair a ventricular septal defect is to place 
the patient on cardiopulmonary bypass and enter the heart through the right atrium; thus, viewing the 
ventricular septum through the tricuspid valve.  Other common approaches include transaortic and 
transpulmonary artery exposure, with some of the more difficult cases requiring a right ventriculotomy to 
clearly view anterior, low muscular, or apical muscular VSDs. Even with the outlined approaches, 
accurately delineating the borders of a VSD can still be difficult simply due to the trabeculated muscular 
tissue obscuring the defect.  Conversely, an approach viewing the defect from the smooth-walled left 
ventricle would lend itself to better VSD identification by removing any obscuring anatomy as a variable.  
Unfortunately, a direct approach using a left ventriculotomy could lead to potentially serious 
complications and is often left as a method of last resort.   
Transcatheter-based closure has shown some success in closure of VSD without the need for 
complicated cardiopulmonary bypass and the associated risks of open heart surgery.  However, significant 
device limitations restrict the population that can undergo this type of treatment to patients of 
approximately 7 kg.  Furthermore, nearby anatomical structures like conduction pathways and valves may 
limit the use of an occluder, with multiple adjacent defects making useful deployment nearly impossible. 
Children with VSDs often have concomitant defects that require a surgical approach to repair, making 
transcatheter repair irrelevant.   
Current technologies capable of viewing inside the body (endoscopic devices) are of little use for 
intracardiac therapeutic interventions in pediatric patients.  Designed primarily for other organ or 
procedure-specific applications, most endoscopic devices are too cumbersome and have too large a 
diameter for use inside a child’s small heart.  While some devices can be articulated and deploy a small 
tool down an included channel, the swept path formed by the tool movement is simply too large for use 
within a neonatal heart.  In addition, the ergonomics of existing scopes are poorly positioned for surgeon 
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manipulation or viewing.  These systems often use remotely-located monitors and power sources, as well 
as multiple hands to operate.  This scattered setup can be disorienting and confusing, requiring the 
surgeon to turn their head to view the camera output.  Consequently, existing equipment leaves much 
room for improvement and a purpose-designed intracardiac camera device is necessary to identify and 
assist in the surgical repair of Ventricular Septal Defects in pediatric patients.  The specific aim of this 
research is to demonstrate the feasibility of such a concept. 
 
2.2. Preliminary Studies 
Preliminary studies through the Advanced Medical Technologies Laboratory at the University of 
Colorado has strongly supported three points: the ability of the research team to create small, in vivo 
camera systems, that such devices have the capacity to enhance the capabilities of a surgeon in an 
Operating Room setting, and that these devices can be successfully sealed and sterilized as shown through 
a number of survivable animal studies.  Several similar prototype devices have been built and their 
effectiveness studied through a series of experiments and animal studies.   
In one such study, a 10mm camera device was developed to aid in difficult laparoscopic procedures 
requiring a clear view and manipulation of the abdominal cavity (Figure 18).  Using a number of magnets 
on either end, the surgeon could manipulate the probe around the inside of the abdominal wall, while the 
probe used a CMOS-based imager to video the respective anatomy.  Prior to three porcine tests, several of 
these devices were sterilized using hydrogen peroxide gas plasma sterilization (STERRAD) and cultured 
to validate the sterility of the device.  Further bench top tests were conducted to ensure that the 
STERRAD process did not reduce device performance.  A cholecystectomy was performed on the 
anesthetized pig, with each animal under observation for a two week period.  A necropsy was performed 
to determine whether the device had any negative impact on the animal’s health.   No evidence of 
infection or anatomical damage was found, thereby successfully demonstrating the usefulness and safety 
of such a device. 
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Figure 18: Sterilized camera system (top), and camera view (bottom) [63]. 
 
2.3. Customer and Market Requirements 
This project directly impacts the health of children with Ventricular Septal Defects, especially those 
with multiple or difficult to localize VSDs.  Because these conditions are not exceedingly common, very 
little effort has been made by industry to develop a technological aid for the treatment of these children.  
Uncorrected, such patients have limited life expectancy.   
In order to obtain the required characteristics of this device, Professor Max Mitchell, MD, was 
questioned over a series of interviews.  Dr. Mitchell is a trained cardiothoracic surgeon at the Children’s 
Hospital Denver. In addition, the engineering team was able to observe VSD cases, allowing the team to 
see firsthand how this potential device could be used in an OR setting. As a result of this process, a 
number of parameters were identified.  
It is estimated that this technology would potentially benefit up to 1,000 patients per year in North 
America initially, with likely use spreading to other clinical situations as the product matures in the 
marketplace.  Other patient populations that this technology would benefit include those with post-
infarction VSD, complex subaortic obstruction, endocardial fibroelastosis, complex double outlet RV 
variants (for intraoperative evaluation of ventriculo-arterial connections) and the evaluation of prosthetic 
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valve leaflet mobility in children and adults requiring mechanical valve implantation.  Additionally, as 
newer methods for valve replacement enter clinical usage, malpositioning of these devices will likely 
complicate some cases.  The technology presented here would significantly improve the real-time 
evaluation and management of these possible complications.  These additional applications could extend 
the advantages of this research project to patients of all ages, including adults, expanding the benefitting 
population to over 50,000 patients per year in North America alone.   
The disposable, affordable design of the device may help to alleviate some of the high costs currently 
associated with medical imaging of cardiac defects, such as with MRI, without significantly 
compromising the quality of the obtained image.  The imager’s real-time color video output is expected to 
far surpass the information obtained from a stethoscope or chest x-ray, with image quality improving as 
camera sensors shrink in size.  Furthermore, the small diameter of the shaft (<5mm) is suitable for a wide 
variety of anatomy, from neonates to adults, making the device adaptable to a large variety of surgical 
interventions, possibly including post-infarction VSDs.  Other potential markets for this shrinking system 
could include other defects like pulmonary arteries and veins for use in Atrial Septal Defects.   
As a result of the initial discussions of the surgical use of this camera system a list of basic customer 
requirements and parameters critical to the quality of the device were compiled.  Table 3 shows the list of 
customer requirements generated from these activities.  Items 1 and 2 deal directly with patient safety and 
are of vital importance for the safety of this device.  If the device does not meet these two goals, it could 
cause harm to the patient.  Items 3-6 concern the overall performance of the device and are directly 
applicable to having a successful surgery.  While not necessarily critical to patient safety, these 
parameters, when optimized, can create a high-performing device capable of saving significant time and 
money in the OR while improving patient health, and reducing surgeon overuse injuries. Items 7-12 are 
critical to keep overall device Cost of Goods Sold (COGS) low and improve perception of the device.  In 
other words, if the device looks cumbersome or cheap, it may not sell or be used by consumers (surgeons) 
in the marketplace (OR).   
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Table 3: List of Customer Requirements 
1 Safe for a human patient 
2 Able to fit into pediatric heart and aorta 
3 Device can clearly view a VSD 
4 Powers for 2hrs or more without need for a power cord 
5 Onboard tool that can grasp and hold a suture  
6 Device does not slip when held with wet gloves 
7 Simple to operate and intuitive 
8 Controls are comfortable and easy to reach 
9 Lightweight and hand-held 
10 Onboard, phone-sized LCD 
11 Video output to OR monitors 
12 Shaft rotation of 180 deg. 
 
2.4. Surgical Use 
After making the median sternotomy to open the chest and placing the patient on cardiopulmonary 
bypass, the aorta will be clamped.  The patient’s heart will then be arrested with cardioplegia and a small 
incision made in the proximal ascending aorta.  The device would be inserted retrograde across the aortic 
valve and into the chambers of the heart, now free from blood.  The camera module at the end of the 
device tip would allow a surgeon to clearly inspect the aortic semilunar valve as the device passes into the 
left ventricle.  As mentioned previously, due to the smooth-walled muscle lining the left ventricle of the 
heart, a surgeon would have a clear view of any defects by viewing the camera output being displayed on 
both a traditional OR monitor and/or the onboard LCD screen.  Use of the camera system during open 
surgery is shown in the below schematic. 
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Figure 19: VSD camera device. 
 
A 360 degree inspection of the LV could be completed simply by using the fingerwheel located on 
the front of the device.  Thus, allowing the surgeon to determine the best course of action to repair the 
VSD. Furthermore, all of this could happen prior to the heart being opened.  This rapid process would 
allow a surgeon to obtain detailed images of internal structures without damage to the heart, and reduce 
both cost and time associated with the overall surgery.  
During a surgical procedure, the device becomes an integral tool for fixing the defect.  Manually 
repairing a defect in the heart can be thought of as stitching a hole in rice paper without making the hole 
larger in the process, a feat more easily accomplished if one has access to both sides of the paper.  
Currently, a VSD surgery is accomplished primarily based on feel, or at best an echo image, all from the 
same side of the paper.  Aided by the device’s onboard camera, the surgeon can deploy a small, flexible 
grasping tool constructed of superelastic Nitinol that bends around fragile anatomy of the heart without 
causing damage, and is retracted back into the shaft of the device when not in use.  Deployed via the 
thumbwheel, the Nitinol tool allows the surgeon to feed a suture or occluder easily back and forth through 
the defect.  This tool also has the additional benefit of serving as a marker for the location of the defect.  
Once through the VSD, a surgeon would know exactly where and which defect they are looking at, as 
well as what they are up against on the other side of the defect.  In the first few generations of the device, 
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this tool would consist of a simple hoop capable of passing through the VSD to capture a suture on the 
other side of the septum.  This suture would not only identify the exact location of the VSD, but would 
facilitate the deployment of an occlusion device.  Later generations of the camera system would then have 
a firm platform from which to develop ever complicated cutters, graspers and sealers for use in 
cardiothoracic surgeries.   
In addition to the grasping capabilities of the device, the camera’s continuous video output is 
expected to further reduce complications by providing clear visual confirmation that the defect has been 
adequately repaired.  Thus, a surgeon could quickly ascertain whether a patch is holding, a damaged valve 
requires correction, or whether additional defects are present that were not identified earlier.  Due to this 
unique property of the device, the requirement for a second surgery would be virtually eliminated.  After 
completion of a surgery, the device would be destroyed with other wastes from the surgery through 
common OR disposal methods, thereby removing the cost and risk of post-Op sterilization.   
 
2.5. Operating Environment 
The Association of Perioperative Registered Nurses (AORN) Perioperative Standards and 
Recommended Practices 2009 edition recommends that the temperature of an OR should be between 68 
and 73 degrees Fahrenheit.  However, for surgical procedures on infants or young children, this 
specification is raised to between 71 and 73 degrees.  These temperature range specifications are intended 
to keep the room comfortable not only for the surgeon who is wearing multiple layers, but the draped 
patient as well.  Since younger patients have less body mass and volume, they are able to lose heat faster, 
so a warmer OR becomes necessary.   
In addition to temperature control, the OR has a host of other equipment ranging from ventilators, 
heart monitors, television screens (monitors), and surgical instruments.  In addition to the surgeon, there 
are always other surgical team members present in the room.  These people can include but are not 
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limited to the circulating nurse, the scrub nurse, and the anesthesiologist.  Oftentimes, a surgical assistant 
may be present as well.  The figure below shows a typical OR setup. 
 
Figure 20: Common Operating Room setup. 
 
2.6. Quality Functional Deployment and Critical to Quality Parameters 
In order to determine any necessary engineering requirements, the existing customer requirements 
were entered into a Quality Functional Deployment (QFD) matrix, or House of Quality.  It was crucial 
that this device not harm the patient above all else, while providing needed information to the surgeon.  
Also, it was necessary that the device be able to output video to most common OR recording devices and 
monitors.   
 In the QFD analysis, our device was compared to some existing state-of-the-art devices, both 
medical and non-medical: General Tool Seeker 200 Video Borescope (non-medical device), Stryker 
1188HD Laparoscope, and Olympus BF-XP60 Fiberoptic Bronchoscope.  Exact cost data was not readily 
accessible for these devices and as a result was not included in the analysis. However, the medical scopes 
ranged from $4,000 to upwards of $35,000 [64].  While our device is not yet reusable, it is estimated that 
the cost of our disposable device would be below $1000.  With a few minor changes to allow for re-
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sterilization, the overall cost of the intracardiac camera system is not expected to significantly increase, 
thus providing a cost advantage over other similar technologies. 
Of the customer requirements identified, the ideal intracardiac camera system performed best against 
them when compared to competitive products.  However, it should be noted that this QFD was built on 
the assumption that the camera system would perform as is expected, while the actual product may differ 
due to physical constraints or unforeseen technical issues.  Furthermore, the engineering team’s 
experience and knowledge of the device can impact, positively or negatively, the QFD due to its 
subjective nature.  This competitive analysis can be found in Figure 21.   
 
Figure 21: Competitive analysis chart from QFD; 0 is the worst, 5 is the best. 
 
  Once the competitive analysis was completed, each engineering requirement was ranked against 
customer requirements, and then against each engineering requirement to find any potential 
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interrelationships that could impact performance.  The weighted rating of each requirement relative to 
technical difficulty and ability to satisfy customer requirements was found.  The resulting numbers were 
then entered into a Pareto chart to more easily identify any possible design issues.  The Pareto chart is 
shown below.   Using the information obtained from the Histogram chart and the interrelationships 
between engineering requirements (especially strong and weak requirements), it was possible to begin the 
design process.  In addition, this information was used in a formal brainstorming activity, TRIZ, which 
will be discussed later.  The QFD House of Quality can be found in Appendix A—QFD House of 
Quality.
 
Figure 22: Histogram chart showing the relative importance of each engineering requirement. 
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2.7. Design Requirements and Goals 
Using the results from the QFD, customer and market requirements, and necessary engineering 
requirements, an integrated set of overall device design requirements was developed.  These requirements 
outline the necessary parameters for a successful FDA Class II pediatric device.  The device will be 
indicated for use on pediatric populations from infant (1 month) to adolescent (21 years).   The device 
should be low-cost with COGS below $1000.  The device shall adhere to generally accepted Good 
Manufacturing Practices (GMP).   
The ergonomics of the device will dictate the overall size (2‖ x 2‖ x 12‖) and weight (less than 2 lbs).  
Furthermore, the device should fit comfortably in the hand and all tool controls should be reachable by 
one hand.  However, it should be noted that ergonomic refinements should be included for future work to 
perfect the fit of the device over a broad range of glove sizes.   
The device shall use an onboard CMOS analog imager and LED powered by a 9 V battery to image 
the structures of the heart.  Composite video should be output to both the onboard LCD and a VGA 
connector that can be attached by a separate cable to external monitors.  The device should have a 
deployable tool that is easily extended and retracted using the thumb.  The end of the tool shall 
incorporate a minimum of a 2 mm loop that will allow a suture to be effortlessly passed through it. 
Safety is of primary concern and engineering safety controls should be included in the design 
wherever possible.  These controls should prevent a user from an action that could injure either the patient 
or themselves.  One of the main areas of concern is that the surgeon will remove the device with the tool 
either fully or partially deployed, damaging fragile heart tissue in the process.  As a result, the device 
shall incorporate a safety mechanism that prevents this sort of action from occurring in the first place. 
Lastly, this device will need to be sterilized prior to surgical use.  Low-temperature peroxide gas-
plasma sterilization (STERRAD) was chosen for this application, as this method is gentle on electronics 
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while still serving as an effective sterilizing agent.  The device shall meet all applicable standards for 
device and material biocompatibility, toxicity, and carcinogenicity (ISO 10993). 
 
2.8. Brainstorming 
The camera system requirements state that any design should be inexpensive and portable, 
eliminating the need for any additional support equipment (off-board light source, insufflators, external 
monitor, etc).  As a result, the device will be easily setup for surgery and to facilitate this feature the 
device boot-up sequence should be as minimalistic as possible.  While the initial use of such a VSD 
camera system would be primarily for multiple and/or difficult to reach apical or anterior VSDs, the 
primary purpose of this device is to solve some of the major issues associated with cardiac imaging 
during surgical intervention.   
To begin brainstorming, the device was divided into three primary design areas: the user interface, the 
tool driving mechanism, and the camera.  The user interface and camera were developed first as these 
areas constrain the device volume and feature locations.  Once these areas were selected, the driving 
mechanism was designed.  Some of the initial concepts are shown below. 
The first figure shows a simplified, box-like design that is commonly found on existing medical 
endoscopes.  The initial thought behind this configuration was that surgeons would be familiar with this 
technology and may be more willing to accept it.  However, subsequent investigations showed that this 
type of design made keeping the device stable in the hand difficult, and as a result was abandoned. 
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Figure 23: CAD image of the "Box" design concept. 
 
A number of lever-based designs were considered, as these designs provide strong ergonomics, have 
mechanisms that are easy to implement, and allow for a number of configurations to be developed simply 
by making small changes to the lever position.  While initially chosen, this design was subsequently 
abandoned after watching the surgeon during a number of surgeries.  Typical hand position for this 
procedure does not easily support a pistol-grip design, as the surgeon’s hands are elevated toward their 
head with palms facing upward. This hand position allows the surgeon to increase the elevation of the 
device, providing better access to the surgical plane and increasing visibility of the device tip.  Two of 
these initial lever designs are shown below. 
 
Figure 24: CAD image of the Lever design concept. 
 
Housing 
Shaft 
Lever 
Thumbring 
Housing 
Fingerwheel 
Shaft 
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Figure 25: Sketch of a potential lever-based design. 
 
One of the last concepts considered was the use of small motors to drive the tool rod.  Due to this 
electronic drive system, only simple buttons or switches would be required, greatly simplifying the 
mechanical design.  However, such a design requires additional battery power to remain truly mobile and 
subsequently the weight of the device increases significantly.  Furthermore, the complexity of the device 
increases as well, resulting in a similar increase in risk and cost.  For these reasons, this device 
configuration was not considered for this round of development, although future reusable devices as will 
be discussed later on may find this type of design highly attractive.   
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Figure 26: Sketch of potential electrically-driven device. 
 
Two camera designs were developed.  The first was a simple camera on a chip (bulb) design, with the 
lens pointing normal to the device axis.  The stationary camera PCB would be housed in a plastic casing, 
with the tool passing out into the heart at an angle through the PCB/housing assembly.  The second, more 
complicated design housed the camera in a coiled tube that the user could articulate.  The tool would be 
passed below the camera, both of which are initially parallel to the axis of the device.  As the user rotates 
the camera housing, the camera and tool would rotate with it, providing the surgeon with a varied viewing 
angle.  In later reviews with the surgical team, it was decided that while the latter design would provide 
some desired capability, it would be too complex to implement at this time.  In favor of reducing risk, the 
simpler camera bulb design was chosen. Both of these designs are shown below. 
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Figure 27: CAD image of the camera bulb design concept. 
 
 
Figure 28: Sketch of two possible articulating devices. (Upper) A—Camera, B—Camera housing, 
C—Articulating Tool. (Lower) D—Mounting plate, E—Holes for tool, F—tool.   
 
Ultimately, a weighted PUGH matrix was employed to determine the prototype design.  Each 
potential design was ranked using a 1 (worst), 3, or 9 (best) against a set of criteria, the customer 
requirements.  The top few ideas were selected and combined with other ideas as applicable.  The PUGH 
matrix was completed once more to select the final design. The PUGH matrix can be found below.   
 
 
 
 
 
Shaft 
Bottom Housing 
Top Housing 
PCB 
Tool 
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Table 4: PUGH Matrix for Concept Selection. 
  
Handle Designs Camera Designs 
Customer 
Requirements Weight 
Box 
Handle 
Pistol 
Grip 
Lever / 
Slide 
Handle 
Electric 
"Drill" 
Camera 
Bulb 
Articulating 
Camera 
Safe for a human 
patient 
12 9 9 9 9 9 9 
Able to fit into 
pediatric heart and 
aorta 
11 9 1 9 9 9 9 
Device can clearly 
view a VSD 
10 9 1 9 9 3 9 
Powers for 2hrs or 
more without need 
for a power cord 
9 3 9 9 1 9 9 
Onboard tool that 
can grasp and hold 
a suture  
8 3 9 9 9 9 9 
Device does not 
slip when held with 
wet gloves 
7 9 9 3 9 9 9 
Simple to operate 
and intuitive 
6 3 9 3 3 3 3 
Controls are 
comfortable and 
easy to reach 
5 3 3 3 3 9 3 
Lightweight and 
hand-held 
4 9 3 9 1 9 3 
Onboard, phone-
sized LCD 
3 9 9 9 9 9 9 
Video output to OR 
monitors 
2 9 9 9 9 9 9 
Shaft rotation of 
180 deg. 
1 9 9 9 3 9 9 
 
TOTAL 84 80 90 74 96 90 
An isometric view of the completed CAD drawing of the proof of concept device is shown below, 
featuring a lever driven design with camera bulb.  This basic design includes a handle with onboard LCD 
viewing screen, with additional capacity to output NTSC composite video to a standard OR monitor.  The 
handle is approximately 6 inches in length, with the LCD screen measuring 2.5 inches along the diagonal.  
At the distal end of the device is an 8mm diameter shaft and camera bulb that would be inserted into the 
patient.  Initially, the shaft diameter was designed larger than the required 5mm to reduce costs while 
proving out the design.  A small fingerwheel at the proximal end of the shaft allows the device tip to 
rotate relative to the handle.  At the distal end of the shaft are the camera with an LED for illumination, 
and a deployable hoop tool.  The lever and thumbring allow a surgeon to deploy this tool, while keeping 
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the device stationary.  The device is lightweight and relatively comfortable to hold and operate for an 
extended period of time.  The camera module consists of a clear upper and lower housing that would be 
ultrasonically welded around the camera module PCB.  The welded housing provides a water-resistant 
seal and support for the PCB, as well as a gently curved surface to help guide the tool safely around 
delicate anatomy.  The PCB will also be potted to prevent shorting or other electrical problems caused by 
contact with bodily fluids and tissues. 
 
Figure 29: CAD image of the selected design concept. 
 
2.9. Alternative Solutions and Tradeoffs 
The lever user interface and camera bulb were chosen primarily for their simplicity and low part 
count. While other device configurations, such as the rotating camera shell would have provided 
additional performance, they were prohibitively complex and expensive.  In order to generate the 
necessary research and test data, it was agreed that a simpler device would get the required performance 
outputs more quickly.  Once the general device platform is established, it may be possible to incorporate 
some of these other design elements from a lower price and complexity standpoint.  
With the basic surfaces of the device locked down, work began on the internal driving mechanisms.  
The below image illustrates an initial concept for a device using a worm gear.  In this configuration, a 
thumbwheel turns a worm gear that is connected to the shaft.  The connection allows the worm gear to 
Thumbring 
Lever 
Housing 
Fingerwheel 
Shaft 
Camera Bulb 
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rotate freely, but only provides linear motion to the tool driving rod.  This is accomplished by snapping a 
yoke to the tip of the worm gear and fixing this part to the rod via a pin.  The snapping features constrain 
the worm gear to rotation only.  As the worm gear rotates, its linear motion is translated directly to the rod 
via the pin connection.   
 
Figure 30: Gear/worm drive concept sketch. 
 
 
Figure 31: Rack and pinion gear drive concept sketch. 
 
 
Figure 32: Concept sketch of a rocker drive design. 
 
Similarly to the worm gear design, another concept uses a thumbwheel to drive a rack through 
translation (Figure 31).  The rack is loosely connected to a yoke member (similar to an old-fashioned 
yoke used to drive oxen) that is allowed to rotate.  The yoke is then connected via a pin to the tool rod.  
The sliding motion of the rack directly provides linear motion to the tool rod, while the slip fit connection 
between the rod/yoke and rack allow the tool to be rotated.  Ultimately, this design was chosen for the 
Worm Gear 
Gear 
Rack 
Drive Rod 
Drive Rod 
Drive Rod 
Gear 
Rocker 
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final device design for a number of reasons, including low part count and easier assembly.  However, in 
the initial stages of the concept phase, a lever driven design was believed to be preferred by the surgeon.   
Figure 32 illustrates another concept using a slot/cam action.  A user would apply a rotational force to 
an L-shaped member.  The corner of the ―L‖ would be pinned in place, allowing the other end of the ―L‖ 
to rotate freely.  A slot in this section would allow a pin, threaded onto the drive rod, to slide along its 
length.  As the ―L‖ rotates, the rod would move forward or backward.  This design was dropped in favor 
of a gear or lever design. 
 
Figure 33: Early concept sketch of a sliding/lever drive. 
 
The lever mechanism is quite simple and uses the fewest number of parts of the above designs.  A 
lever is attached directly to the yoke, which is in turn pinned to the tool rod.  As the lever pivots, the yoke 
is moved through translation.  Similarly to the above mechanisms, the yoke is allowed to rotate freely, 
providing the necessary tool rotation for the surgeon.  Due to the simplicity of this design, a lever 
mechanism was initially chosen for device development.  The preliminary electrical and mechanical 
design will be discussed in the next chapter. 
  
Drive Rod 
Trigger 
Sliding Lever 
42 
 
3. Device Feasibility 
3.1. Initial Electrical Design 
Currently, few commercially available imaging sensors exist that would fit in the required package 
size (max 4.8 mm inner diameter).  The two candidate imagers considered were a digital imager from 
Omnivision (OV7690) with a diameter of 4.1 mm and 640 x 480 resolution (VGA), and an analog imager 
from the same company, the OV6920 with a diameter of 3.6mm and 320 x 240 resolution (QVGA).  
While the digital system has higher resolution, the larger chip size and additional onboard electrical 
components favored the analog imager design. The 320 x 240 active pixel NTSC camera chip has an 
optical format of 1/18 in (1.41 mm).  Furthermore, the power requirements of analog technology are very 
low, with the OV6920 requiring 3.3 V of direct current, making it ideal for long surgeries using onboard 
batteries.  Ideally, the size and number of batteries used are to be kept low to reduce the device weight 
and to minimize surgeon fatigue through the course of a long surgery. 
In the preliminary design, the camera chip is surface-mounted to a printed circuit board (PCB) which 
lays flat inside the camera bulb.  This orientation provides a perpendicular field of view (ideal for the 
surgeon) to the axis of the tube, while minimizing the shaft housing size as illustrated in the below figure.  
In addition, this design configuration allows for easier viewing and manipulation around apical defects 
found in the base of the heart, where space is at a premium.   
 
Figure 34: Imaging and electronic components of a conceptual VSD camera in the distal camera 
module. 
43 
 
In addition to the OV6920 imager and lens, an adjustable LED next to the camera provides the 
necessary lighting.  If desired, a surgeon would be able to turn off the overhead OR lighting and rely on 
the device’s LED to not only view the defect, but to identify its location via the light passing through the 
hole.  The optical lens used on the preliminary device has a focal length of 0.9 mm, with an approximate 
depth of field from 7 mm to 160 mm, and a viewing angle of 50 degrees or greater. 
Three PCBs are used in this device: the camera circuit board (CCB), the LCD PCB, and the power 
management circuit board (PMCB).  The CCB contains the OV6920 imager, the 6.14 MHz oscillator to 
clock the chip, a number of filtering components, a voltage regulator, and LED.  The PMCB is located in 
the handle and is used to control power and imager settings for the camera.  This PCB also provides 
power and sends video data to the LCD.  The power management board contains a voltage regulator, an 
on/off switch, battery power, and a potentiometer for adjusting LED brightness.  The LCD is an off-the-
shelf component purchased from Miller Technologies and provides power regulation and image settings 
for the LCD display screen.   
 
3.2. Initial Mechanical Design 
The shaft of the device has two degrees of freedom: rotation around the major shaft axis, and 
translation along the major shaft axis (tool rod).  The surgeon can control these two actuations by use of 
the fingerwheel and sliding lever, respectively.  The fingerwheel is a basic concept found on various 
surgical instruments that allow the surgeon to rotate the tip of the device while keeping the remainder of 
the device stationary.  This allows for nearly a full 360 degree inspection of the heart cavity.  The sliding 
lever allows the surgeon to deploy a small hoop off of the end of the device as illustrated in Figure 35.  
This hoop can be placed through the defect for identification or used to aid in closing the defect. 
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Figure 35: Close-up of camera module with Nitinol hoop deployed. 
 
  The Nitinol hoop system is integrated into the three subassemblies of the device: the handle, the 
shaft housing, and the camera module.  The handle fixes the proximal end of the Nitinol tool via a sliding 
rack constrained inside a rail.  The Nitinol tool is attached to a rotating button that is fixed to the rail, 
allowing the tool to rotate, while preventing the entire mechanism from rotating.  The rail serves to both 
strengthen the plastic housing and maintain the linear sliding motion of the rack.  The rack is directly 
fixed to a molded lever that the surgeon actuates by pushing or pulling with their fingers.  As the rack 
translates, it pushes (deploying) or pulls (retracting) the Nitinol tool.  In this original design, a small 
moment was created from the lever that occasionally caused the mechanism to rack and bind.  This was 
corrected in the revised handle design discussed below.   
As the tool moves out of the handle, it passes through a small slot in the proximal end of the 
fingerwheel and through the 5 mm stainless steel tube.  The tubing serves to provide a strong structural 
member to support the camera module, as well as a barrier between tissue and the moving parts of the 
device.  Due to the thin wall of the tubing (approximately 0.010 in), some flexure of the shaft was noted.  
However, this did not impact device performance and was corrected slightly in subsequent designs.   
Once the Nitinol tool exits the shaft, it is carefully guided through the camera module and into the 
patient.  On its way through the camera module, the tool has to pass through a 90-degree bend.  The 
perpendicular path of the wire allows the surgeon to deploy the tool without having to reposition the 
camera end as is common with many catheter-based devices.  A concern with this design was 
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permanently deforming the Nitinol or buckling the wire as it passes through the sharp curve.  The strain 
of the Nitinol wire was calculated to be 6%, well below the 8% strain limit for this superelastic material.  
The radius of curvature and diameter of the camera module guide, as well as the stiffness of the Nitinol 
was combined with an additional Teflon-lined, coiled tube to provide adequate support for the Nitinol tool 
as it passes through this bend.   
 
3.3. Prototype Creation—Proof of Concept 
The device was proved out in two separate, sequential prototype rounds.  The first round of 
prototyping focused on the camera module, while using only a basic handle design.  The second round 
focused entirely on improvements to the ergonomics of the handle design for surgeon use and comfort 
during surgery.  The below figure depicts the first prototype using the sliding lever concept for the handle. 
It should be noted that battery power and an onboard LCD was not included in this prototype round to 
simplify the device, reducing the time required to generate the design. 
 
Figure 36: Prototype VSD camera version 1. 
 
Initially, the focal point of the design effort was placed on developing a custom camera PCB using 
the OV6920 imager based on manufacturer documentation.  This effort would have allowed for an ideal 
configuration of the camera module.  However, due to discrepancies in the manufacturer documentation, 
a custom design was delayed in favor of using a commercially available board; the RS501A-68 
endoscope PCB from Bangu Technology Development Company, Ltd.  This off-the-shelf product 
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incorporated the same OV6920 imager, though in a different configuration.  The RS501A-68 is shown 
below.  
 
Figure 37: RS501A-68 PCB with integrated OV6920 imager. 
 
The RS501A-68 placed the imager parallel with the axis of the device (normal to the desired angle).  
To correct this, a mirrored surface at an angle of 45 degrees was placed in front of the camera lens.  
Furthermore, it was necessary to modify the camera module by eliminating the two-piece plastic housing 
and extending the stainless steel shaft forward by the same amount.  A small opening was machined out 
of the end of the tube to provide clearance for the camera and additional parts. The camera PCB was 
placed inside the shaft such that the lens was flush against the end of the tube cutout.  Support material for 
the mirror was machined out of a solid Delrin rod, with a small channel for the Nitinol tool to pass 
through.  The machined Delrin rod was fixed to the stainless steel shaft with Loctite adhesive commonly 
found at local hardware stores.   
It was noted after a dry assembly run that the existing LED of the RS501A-68 was reflected into the 
camera lens, leading to a blurry image with a significant white-out effect.  To prevent this, the onboard 
LED was disconnected and replaced with a standard white LED behind the mirror as shown in Figure 38.  
Unfortunately, the LED was too large to fit inside the housing and the lens of the LED had to be sanded 
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down to just above the diode.  Since the lens was no longer polished, this had the added benefit of more 
evenly dispersing the emitted light.   
 
Figure 38: Prototype VSD camera module in version 1 with hoop deployed (top) and retracted in 
insertion configuration (bottom). 
 
This proof of concept prototype was reviewed by the engineering and surgical teams.  Despite the 
focus on only developing technology with this prototype, other characteristics of the device were 
evaluated to provide a baseline.  Ergonomic traits such as overall feel, weight, and location of the imager, 
LED, and hand controls were all evaluated, both on an individual basis and in relation to each other.  
Image quality, including depth of field, field of view and illumination were evaluated as well.   Finally, 
the location, size, contrast against tissue, and ease of use of the Nitinol tool were reviewed. 
As a result of this design review, a number of required changes were identified.  The primary 
mechanical change to the Nitinol tool deployment mechanism was to switch from a sliding lever to a gear 
system for better control.  After completion of the proof of concept prototype, it became apparent that the 
existing handle design and Nitinol tool drive mechanism would not provide the required comfort and one-
handed ease of use required.  Unless a user provided the exact linear direction of force on the lever, the 
rack would bind, preventing the tool from effectively deploying.  Furthermore the handle was 
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uncomfortable to hold for the length of time often found in VSD surgeries.  By changing the connection 
to the rack to a thumbwheel-pinion gear, a sliding lever was no longer needed.  Due to this revision, the 
device could now be held in an upturned palm and activated with only small movements of the thumb and 
forefinger, which was preferred by the surgeon.  Furthermore, the deployment range of the Nitinol tool 
was increased by adjusting the gear ratio to the desired position (2:1 ratio was necessary).  An onboard 
LCD was also added to the design.  The modified gear design is shown below.   
 
Figure 39: Gear-based drive train. 
 
Using the round 1 prototype as a guide, three different handle configurations were designed to 
investigate possible ergonomic and engineering improvements.  Each design explored a different 
mounting location for the LCD to determine the best location for viewing.  Furthermore, each variation 
investigated different surfaces and contours to determine which would provide the best comfort and 
stability for use in longer duration surgeries.  These three physical mockups are shown below.  The LCD 
is not depicted for simplification.   
Figure 40 shows a design (design 1) investigating the use of a double rack and extruded pinion gear.  
In this design, a sliding plastic plate with two gear racks underneath held the internal electronics, 
connected to the LCD and camera via a flex circuit.  The mechanism was activated by rotating the 
thumbwheel, which would rotate the extruded pinion, activating both racks simultaneously.  Assembly 
was fairly easy, as the design relied on snap-fits and easily viewable, two-way mates.  Unfortunately, 
alignment of the individual gears due to tolerance variations with this design proved difficult and often 
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Idle Gear 
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resulted in high frictional losses when using the thumbwheel.  In addition, the simple, cylindrical external 
surfaces of the housing made holding the device difficult with wet gloves.   
 
Figure 40: Gear-based design using a double rack and extruded pinion gear. The handle is a basic 
cylindrical shape. 
 
The second figure shows a similar gear drive train used by design 2.  However, the external surfaces 
of the design were contoured to more closely fit into a surgeon’s hand.  In addition, the LCD mounting 
location was moved to the proximal end of the handle in an attempt to provide a better viewing angle.  
Assembly closely resembled that of the above mentioned design.  While the handle was better contoured, 
the ergonomic design was still not preferred.  
 
Figure 41: Double-rack, extruded pinion gear design with a contoured handle.  The LCD mounting 
location was moved to the proximal end of the handle. 
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All three designs were reviewed at the same time by the surgeon.  Of all the designs, design 3 
provided not only a plethora of engineering advantages, but was preferred by the surgeon with respect to 
ergonomics.  Design 3 greatly simplified the gear train by removing the second rack and using a single 
pinion gear, versus the double-rack and extruded pinion utilized by the other two designs.  By reducing 
the part count to three components (thumbwheel, pinion gear, and rack), assembly was simplified and 
frictional losses were reduced.  It should be mentioned that since the Nitinol tool was no longer directly 
connected to the rack, some additional components were required.  The external surfaces were still 
contoured, but included a distally mounted LCD.  Figure 42 and Figure 43 show the candidate design 
preferred by the surgeon.   
 
Figure 42: Single rack, single gear drive train with LCD mounted at the distal end of handle. 
 
 
Figure 43: VSD camera version 2 prototyped handle housing. 
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4. Device Development 
4.1. Electrical Subsystems 
The electrical subsystem can be divided into three main areas as shown in Figure 44: onboard display 
(LCD Module), imaging (Camera Module), and power management.    The onboard display consists of an 
LCD module and custom designed housing.  The LCD module is an off the shelf component purchased 
from Miller Technologies that includes LCD power management, user interface PCB, and 2.5‖ LCD 
display.  Since the LCD Module is a self-contained, purchased item, it will not be discussed in great 
detail.  The custom housing will be reviewed in the detailed mechanical design section. Imaging and 
power management will be discussed below. 
 
Figure 44: Block diagram of the electrical subsystem. 
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Figure 45: LCD25L 2.5" LCD open-frame module purchased from Miller Technologies. From left 
to right: liquid crystal display, LCD driver module, user interface module. 
 
4.1.1. Imaging 
The VSD camera imager uses the OV6920 camera chip, with the prototypes using the RS501A-68 
endoscope PCB. In order to verify the performance of the RS501A-68PCB, a number of tests were 
conducted against a benchmark.  The RS501A-68 PCB and a commercially available Stryker high 
definition Laparoscope (1188HD) were evaluated against a set of standard benchmarks.  The Stryker 
system is an industry leading device with a 10mm outer diameter, 31cm long fiber optic scope.  The 
Stryker 1188HD was used as a basis for comparison as it is currently one of the top products used for 
minimally invasive surgery.  The performed tests are explained briefly here, whereas more detailed test 
setups and descriptions can be found in a paper by Terry et al [65]. 
Sharpness and color appearance were evaluated first as they are image attributes that most directly 
contribute to perceived image quality [66].  Five distinct characteristics make up color appearance: 
colorfulness, brightness, lightness, hue, and chroma.  The overall quality of the visual edges of an image 
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was calculated using root mean square contrast.  The sharpness of the star chart (Figure 46), or ―the mean 
isotropic local contrast over an entire sequence‖ was found using the modulation transfer function (MTF) 
[66].  MTF measures the spatial frequency response of an image [67]. Colorfulness is the average level of 
chromaticity of an image.  In other words, colorfulness is the measure of the difference of a color from 
gray, and is determined by averaging the colorfulness of each pixel of an image [68].  Brightness is 
calculated by normalizing the intensity values of the pixels and averaging over the entire image, thus 
determining the average whiteness of an image [69].  The degree to which an image tends toward red, 
green, yellow, or blue is known as hue.  Hue is calculated by directly transforming the Red-Green-Blue 
(RGB) color data for each element into the hue-saturation-value colorspace. Once this is complete, an 
average value for hue can be determined [70].  Chroma was calculated by comparing the level of 
chromaticity of an area relative to a whiteness value [68].  For the following tests, the reference white 
value lies on the same neutral axis in RGB colorspace as the gray reference values from the colorfulness 
calculation.  Therefore, the value is redundant and was not calculated in this analysis. 
The sharpness/contrast test image has a star-shaped frequency modulated grating and measures 89 
mm by 95 mm.  The color depth of the color quality test image is 24-bit and exceeds the color depth of 
the video systems tested.  The color test image measures 63 mm by 82 mm.  All test images were printed 
with an HP Color LaserJet 2500 printer at 600 dpi.  The test images used for the color analysis can be 
found in Figure 46. 
 
Figure 46: Sharpness/contrast (left) and color quality (right) test images used for camera 
comparisons. 
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The test images were placed inside the image quality test box, with the camera inserted 
perpendicularly to the image. A non-directional, 13W compact fluorescent bulb with a color temperature 
of about 5,000K was used to illuminate the test images.   Research suggests that the Stryker laparoscopes 
do not require traditional Xenon or equivalent lighting for optimum performance [71].  Therefore, the use 
of the compact bulb for illumination is valid. 
For each test, the camera was set to zero zoom (1188HD only), and the working distance (distance 
from camera to test image) was adjusted such that the target image filled the field of view.  When 
applicable, focus was adjusted to maximize image sharpness.  It should be noted that the OV6920 features 
auto-focus and subsequently could not be adjusted.  Video was recorded from each system and fourteen 
still photographs taken from each video segment (28 images total).  Custom MATLAB (Mathworks) 
software developed by the Advanced Medical Technologies Laboratory was used to evaluate the 
performance of each video system based on analytical methods [65].  Color data comparing the RS501A-
68 (with OV6920 imaging chip) and the Stryker 1188HD laparoscope to the benchmark image are shown 
in Figure 47, with normalized values for hue, colorfulness, brightness, and contrast indicated above each 
bar.  All confidence intervals for the data shown were less than 7.87e-004.  The MTF curves for each 
video system are shown in Figure 48. 
 
Figure 47: Normalized values for video color quality comparison: hue, colorfulness, brightness, and 
contrast. 
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Figure 48: Modulated Transfer Function (MTF) illustrating video sharpness comparison of each 
camera system versus the benchmark image. 
 
It should be noted that the human eye is extremely sensitive to contrast and is capable of detecting a 
small change in modulation of approximately 1% [72].  Therefore, the MTF differences between the 
systems shown above equate to noticeable sharpness differences of the images.  The Stryker system 
performed best in all categories, as the 1188HD is a top of the line, high-definition laparoscope.  Due to 
the QVGA design of the OV6920 imager, it was expected that performance would be below the 
benchmark and High-Definition Stryker 1188HD Laparoscope.  The average colorfulness of the RS501A-
68 was roughly half of the benchmark, with the average contrast measuring at approximately one-quarter.  
However, the RS501A-68 performed quite well in hue comparisons, comparing similarly to the other 
camera system.  The above data provides an adequate baseline for future comparisons as smaller imaging 
chips become more capable and can be incorporated into this design.   
 
4.1.2. Power Management 
The power management PCB maintains a consistent, regulated flow of electricity to the device 
components from the battery pack via a voltage regulator. It also provides controls to turn the device on 
or off (switch) and to adjust the onboard LED.  Initially, this circuit was external to the device and 
attached directly to a 4 x AA battery pack to provide power.  As the design matured, this PCB was moved 
internally to the handle housing and the AA batteries were replaced with a single 9V.  This design change 
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allowed the device to be entirely self-contained and easier to setup, all while not substantially increasing 
the overall weight of the device.  The following three images show the design evolution of the power 
management board from schematic (Figure 49), to initial prototype (Figure 50), PCB layout (Figure 51), 
to final design (Figure 52), respectively. 
 
Figure 49: Eagle PCB Schematic of the Power Management circuit. 
 
 
Figure 50: Initial prototype using a 4 x AA Battery pack and breadboard. 
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Figure 51: Eagle PCB Layout of the Power Management PCB. 
 
 
Figure 52: The power management PCB protoboard assembled into the Design 2 handle. 
 
4.2. Mechanical Subsystems 
While all mechanical components are related in this design, the design can be divided into four main 
design areas: the drive mechanism for the Nitinol tool, the user interface, the camera housing and shaft, 
and the LCD housing.  Figure 53 shows the relationships between the mechanical components of the 
Power Management 
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system.  The User Interface, or handle body provides the basic support structure for the other mechanical 
subsystems, as well as the main interface between the device and the surgeon’s hand.  The LCD housing, 
attached to the User Interface, provides support and ventilation for the LCD module.  The Nitinol drive 
mechanism provides the rotational and linear actuation of the Nitinol tool.  Lastly, the NTSC Camera 
housing provides support and physical separation from the outside environment, which could potentially 
damage the electronics inside.  Each of these mechanical subassemblies will be discussed below. 
 
Figure 53: Block diagram showing the mechanical subsystems. 
 
4.2.1. Nitinol Drive Mechanism 
As mentioned previously, a number of changes were made from the proof of concept prototype as a 
result of surgeon feedback.  The decision to switch from a sliding mechanism to throw the Nitinol tool to 
a gear-based drive allowed for the hoop deployment to be smoothly controlled, with the added benefit of 
eliminating the binding issue seen in the previous design.  Furthermore, the gear-based design helped in 
reducing surgeon fatigue and simplifying the drive mechanism in the process.  The gear mechanism was 
constructed using two plastic Lego gears and a custom designed rack.  The Lego gears provide adequate 
strength and motion while eliminating the need to design custom gears, or to buy expensive machined 
gears.  Unfortunately, this off-the-shelf gear solution has its limitations.  According to surgeon feedback, 
the 24-tooth gear was sized correctly for the thumbwheel.  However, since Lego spur gears only come in 
set sizes of 8, 16, 24, and 40 teeth, an exact 2:1 gear ratio could not be found.  As a result, the next closest 
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approximation was designed using the 16-tooth gear for a final ratio of 3:2.  While smaller than the 
requested gear ratio, the 3:2 gear ratio proved adequate for surgical needs. 
During the assembly process, it was noted that the Nitinol drive mechanism tended to rub on the 
wires coming from the camera PCB (Figure 54).  To prevent this, the proximal end of the mechanism was 
redesigned to use a thin piece of sheet metal, laser welded to the drive rod, rather than the thicker section 
as before.  This allowed for the wires to be easily assembled on either side of this sheet metal part, 
concurrently reducing the friction in this subsystem and making it easier for a user to deploy. This 
modified design is shown in Figure 55. 
 
Figure 54: Original Nitnol Tool design. 
 
 
Figure 55: Modified Nitinol Tool.  Notice the addition of the sheet metal part to the left side of the 
tool. 
 
4.2.2. User Interface 
The 24-tooth gear was located such that it was easily reachable by the surgeon’s thumb.  The custom 
rack was positioned so that the drive line was on the same axis as the shaft, reducing the possibility of an 
unwanted moment that could rack the mechanism and lock the device.  Lastly, the 16-tooth gear was 
positioned such that its circular pitch was contacting both the rack and 24-tooth pitches.  Since the pitch 
of the 16-tooth gear was not known exactly, some iteration was required to properly locate each 
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component.  It should be noted that the throw of the rack was adjusted to provide the required deployment 
distance of the Nitinol tool.   
Once a user turns the thumbwheel, the rack slides and pushes the throwrod.  The throwrod, shown 
below in pink, mechanically connects the rack, the Nitinol tool (via a pin), the fingerwheel, and the shaft.  
The proximal end of the throwrod has a circular recess that allows it to rotate independent of the rack.  
However, when a user turns the thumbwheel, the rack pushes on the wall on either side of this recess to 
slide the throwrod.  A small through-hole in the throwrod retains a stainless steel pin that retains the 
proximal end of the Nitinol tool.  As the throwrod slides in and out, so does the Nitinol tool.  At this 
point, it should be noted that the Nitinol tool is made of ABS-like resin out of a 3D printer, with only the 
flexible distal end constructed of Nitinol.  This serves to reduce costs by using the smallest amount of 
Nitinol needed, while still demonstrating the mechanical robustness of the design.  Ideally, the rod would 
be constructed out of machined stainless steel and laser welded or crimped to the Nitinol. 
The fingerwheel is connected to the throwrod via a slip-fit.  While the throwrod is allowed to slide 
freely, features in the throwrod and distal end of the fingerwheel lock the two parts together in rotation.  
Since the throwrod is joined to the shaft by the pin connection (a slot in the shaft allows for sliding, but 
not rotation), any rotation of the fingerwheel is transmitted to the shaft.  While some issues were noted 
with properly constraining the shaft and having sufficient clearance down the shaft for the camera PCB 
wiring, these issues were easily resolved in later prototypes.  
The last connection to be made is the LCD housing to the main body of the device.  It would be ideal 
to be able to remove the LCD housing from the body of the device, as the LCD is one of the most 
expensive components of the device and one of the most delicate.  This could be accomplished by having 
a female connector in the main body housing, and a male connector built into the base (stem) of the LCD 
housing, along with retaining features built into the plastic of both housings.  A user would simply push 
the connectors together and rotate to lock in place.  The LCD screen could then be adjusted by a pivot in 
the upper portion of the stem.  However, to reduce risk in the design it was decided to make the 
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connection permanent until the overall design is well understood.  The existing connection is shown 
below along with the main body mechanical subsystems.   
 
Figure 56: VSD camera handle (version 2) with improved mechanical design using 2:1 geared drive. 
 
4.2.3. NTSC Camera Housing 
Due to the use of the RS501A-68 endoscope PCB, the majority of the shaft size was able to be shrunk 
to a 5mm outer diameter.  Though, a larger ―bulb‖ at the distal tip was still required.  The bulb was 
constructed similarly to the proof of concept device, with a few notable exceptions.  First, the RS501A-68 
was inserted into the shaft until the back surface of the lens was flush against the tubing.  The onboard 
LED was not disconnected this time, but rather a small, circular piece machined out of Delrin was 
inserted over the lens, immediately distal to the LED to block any unwanted light from reflecting off of 
the mirror.  A larger 8mm outer shaft with the required features was inserted over the smaller shaft to 
create the camera bulb.  While initial prototypes occasionally shorted with the larger diameter tubing, 
once the camera PCB was potted using UV-cure adhesive this problem was resolved.  The last step in 
assembly was to machine the end, which also supports the mirror and provides guidance for the Nitinol 
tool, out of Delrin and attach to the end of the shaft.  The completed camera bulb assembly is shown in 
Figure 57.   
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Figure 57: Camera module close-up view of latest VSD camera. 
 
Initially, there was some concern about flexing of the (smaller) shaft, but subsequent calculations 
demonstrated that any deflection of the tube by expected forces was minimal and would not affect device 
performance.  The calculations for the shaft deflection can be found in Appendix D—Design 
Calculations.  
 
4.2.4. LCD Housing 
The last mechanical subassembly designed was the LCD housing.  The LCD25L LCD PCBs were 
folded together and attached to each other using double-sided rubberized adhesive tape.  A two-piece 
housing was then designed around this module using two posts rising from the rear housing to support the 
LCD.  In addition, small holes in the back housing allow for user access to adjustment screws on the LCD 
module for brightness and contrast controls.  A series of small slots allow for air venting of the housing to 
maintain safe operating temperatures.  Another piece of adhesive tape was cut to fit between a recess in 
the front housing and the front face of the LCD, absorbing any tolerance stack in the assembly, in addition 
to any potential vibrations.  The two housing halves were joined together using four thread-forming 
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plastic screws.  A small tube extending from the back housing provides a protected channel for wires to 
pass through, as well as locking features to limit rotation.  Without these features it would be possible to 
over-rotate the LCD, possibly separating wires and rendering the assembly useless.  A CAD image of the 
LCD housing assembly is shown below. 
 
Figure 58: CAD image of the LCD housing. 
 
The completed Version 1 prototype is shown in the following figure.  This design includes the 
integrated, onboard 2.5 inch LCD screen, and 9 V battery power.  The shaft diameter is 5 mm, with the 
Nitinol tool capable of deploying to approximately 1 inch.  This design also incorporates a modified 
Design 3 (single-rack, single pinion, contoured handle) for better ergonomics, a thumbwheel for hoop 
deployment, a fingerwheel for camera rotation, LED brightness adjustment, and onboard LCD display.  
Lastly, a female VGA connector was added to output NTSC video to additional operating room monitors 
and recording devices such as the AIDA Image capture device from Karl-Storz found in the OR at 
Children’s Hospital Denver.  Through multiple design revisions and voice of customer input, the intra-
cardiac VSD system (Figure 59) has been designed such that its features will ultimately improve surgical 
treatment of pediatric Ventricular Septal Defects.   
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Figure 59: Latest VSD camera version. 
 
 
4.3. Safety Systems 
The creation of a safe device for human use is paramount.  In accordance with the Hippocratic Oath, 
the design of this device should be such that it will do no harm when used appropriately.  As a result, the 
intra-cardiac camera system has a number of safety features and mechanisms to prevent misuse or injury 
to a patient.  The principal feature of the device is its smooth shape, lacking any sharp edges to that could 
catch or cut delicate heart tissue.  This is most evident on the tip of the device, as the camera bulb tip is 
blunt and smooth.  In addition, the Nitinol tool uses a round loop, rather than sharp geometry, reducing 
the probability that the Nitinol tool could inadvertently damage tissue.   
In addition to reducing the occurrence of injuring the patient, care was taken to avoid injuring the 
surgeon as well.  If the ergonomics of the device are incorrect, the possibility increases of an overuse 
injury or the surgeon mistakenly activating controls, resulting in either harm to the patient or a damaged 
device (cost to the patient or hospital).  To reduce these types of injuries, the device was contoured such 
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that it rests comfortably in the surgeon’s hand.  Furthermore, the reach and force required to activate were 
sized such that the average surgeon could easily reach and operate the controls over an extended period of 
time without experiencing pain or discomfort.  By enabling easy reach of the controls, the chances that a 
surgeon would accidently activate a control is reduced as well.  Similarly, the controls are spaced apart to 
further reduce the chance of an incorrect activation.   
Lastly, the Nitinol tool is equipped with a return spring and ratchet mechanism to allow a surgeon to 
more easily control the Nitinol tool.  One of the high Risk Priority Number (RPN) resulting from the 
initial FMEA was the high occurrence and severity of the Nitinol tool remaining open when the surgeon 
retracts the device.  While Nitinol is very flexible, a deployed tool could still catch on anatomy as the tool 
is pulled from the heart.  In order to severely reduce this risk, two mechanisms were added.  The first was 
a return spring, forcing the Nitinol tool to retract when not in use.  This also applies a load to any item the 
tool may be holding in its loop.  However, during the course of the development, it was determined that 
the force required to hold the Nitinol tool in the deployed state was too high with the return spring.  As a 
result, the second mechanism was added; a ratchet.   
The use of a ratchet allows the surgeon to keep their thumb off of the thumbwheel after the tool has 
been deployed, by locking the tool in place temporarily.  Once the suture has been threaded through the 
Nitinol tool, the ratchet release can be thrown, allowing the return spring to pull the Nitinol tool back into 
the housing.  CAD images for each mechanism are shown in Figure 60 and Figure 61. 
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Figure 60: CAD image of the spring return mechanism. (Left) Spring in compressed state, Nitinol 
tool deployed.  (Right) Spring fully extended, Nitinol tool retracted. 
 
 
Figure 61: CAD Image of the ratchet mechanism. (Left) Ratchet engaged. (Right) Ratchet 
retracted. 
 
4.4. Engineering Analysis and Design for Quality 
Vital to any mechanical or biomedical engineering project is the analysis of the design for strength, 
reliability, and quality.  In this section, various aspects of engineering analysis are discussed in relation to 
the creation of the intra-cardiac camera system.  The development of a Failure Modes and Effects 
Analysis is discussed (specifically a Design Failure Modes and Effects Analysis), followed by a detailed 
analysis of component strength.  Next, a review will be conducted of the tolerance stack analysis.  Lastly, 
the design methodology for manufacture, assembly, and the environment will be evaluated. 
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4.4.1. Design Failure Modes and Effects Analysis 
Learning from failure is both costly and time consuming.  Furthermore, when in use during surgery, a 
product failure could be potentially life-threatening.  Effectively managing risk in a medical device is 
critical for this reason, among many others.  Although originally conceived by the military in the 1950’s, 
with subsequent use by the Apollo space program, Failure Modes and Effects Analysis (FMEA) provides 
a systematic framework to mitigate risk, reduce errors, and improve engineering consistency for both 
product and process (manufacturing) development of a medical device.  Moreover, FMEA is a common 
method of risk analysis used in the medical device industry and is accepted by the US Food and Drug 
Administration as a necessary tool for mitigating risk.  While detailed theory and application of FMEA 
will not be reviewed in this text, its application in this project will be discussed below.   
 A FMEA was conducted by first developing a list of possible risks based upon output from the QFD 
and experience with the function of the device.  A line from the FMEA can be found in the below table.  
Next, the potential failure mode was listed next to the item, followed by its potential causes, effects, and 
method of detection during manufacture, inspection, or use.  For the example given below, the function of 
deploying the tool had a potential defect of permanently deforming the Nitinol tool after a number of 
uses.  It was believed that this defect would be caused by too tight of a bend radius during deployment or 
the tool getting caught, resulting in the tool location becoming unpredictable.  The only detection method 
would be to see the Nitinol tool out of place via the camera.   
Table 5: FMEA excerpt showing the defect analysis for a malfunctioning tool in deployment. 
Pos. FUNCTION 
 FAILURE 
MODE CAUSES EFFECTS 
DETECTION 
METHOD 
S
E
V 
O
C
C 
D
E
T 
R
P
N 
Recommended 
Action(s) 
3 Deploy Tool 
Niti tool 
bends after 
a number of 
uses 
Radius 
too tight 
or Niti 
caught in 
support. 
Tool location 
can become 
unpredictable 
Possibly seen 
using the 
camera 
7 4 5 
1
4
0 Possibly redesign 
device. 
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Once the above steps were complete, each failure mode was subjectively scored based on previous 
experience with other devices.  The failure modes were scored on a scale of one (unlikely) through ten 
(likely) in three categories: severity of the defect, the likelihood of occurrence, and the likelihood of not 
detecting the defect. A 10 or severe defect occurs when the defect affects personal safety or violates 
government regulation without warning.  In the table below, the defect was ranked 7 out of 10 in severity.  
In other words, this would be a fairly devastating defect if it occurred.   The occurrence and detection 
method were scored 4 and 5, respectively.   
Lastly, these scores were used to calculate a Risk Priority Number, or RPN.  The RPN value provides 
a way to rank defects overall (an RPN has no inherent value), with the more damaging defects having a 
higher RPN value.  In this analysis, any RPN value over 200 was considered severe and demanded 
redesign.  Similarly, any severity of 9 or above was reviewed for possible redesign in order to minimize 
risk from that potential failure mode.  An RPN between 100 and 199 was considered moderate, and 
should be investigated for possible improvements. Any RPN below 99 was considered adequate and was 
not typically reviewed for further changes. The RPN was calculated by using formula (1): 
 
DETECTIONEOCCURRRENCSEVERITYRPN    (1) 
 
As a result of this study, a number of defects were identified for improvement.  For the item in Table 
5, the camera bulb and Nitinol tool activation mechanism were modified slightly to allow for a higher 
margin of safety.  As a result, the likelihood of occurrence dropped, leading to an RPN of 70.  The 
recommended action and updated scores are shown in the table below.  Figure 62 and Figure 63 
graphically display the distribution of RPN values before and after the recommended design changes, 
respectively.  The full Failure Modes and Effects Analysis can be found in Appendix B—FMEA. 
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Table 6: Updated RPN score for the potential Nitinol tool deployment defect. 
SEV OCC DET RPN 
7 2 5 70 
 
 
Figure 62: RPN score distribution prior to any design changes 
 
 
Figure 63: RPN score distribution after select design changes. 
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4.4.2. Design Stress and Finite Element Analyses 
The device contains a number of small or thin components that undergo relatively high loads.  In 
order to ensure a high confidence level in performance, several analyses were conducted on the Nitinol 
tool deployment mechanism and the tube.  These analyses included both hand calculations and Finite 
Element Analyses (FEA). The FEA was calculated using Solidworks COSMOS.  While there is some 
argument in industry as to the exactness of COSMOS results, for the purposes of this design it provided a 
generic solution to determine the location and approximate power of maximum design parameters (e.g. 
stress, deflection, etc.). 
  The gear train was evaluated first.  As is the case with any gear, deformation of the gear teeth is of 
primary concern.  While initially believed to be strong enough for this application, the strength of the 
plastic (ABS) gear teeth needed to be analyzed to be certain.  The strength was calculated using (2) and 
iterated using Microsoft Excel to equal the known material yield modulus.  W
t
 is the force applied to the 
tooth of the gear, L is tooth height, F is the face width, and t is the tooth thickness.  The maximum 
allowable Force was 6.86 lbf, for a safety factor of approximately 2.29 assuming an activation force of 3 
lbf.  
2
6
Ft
ltW
I
Mc 
 
(2) 
 
The next chain in the deployment mechanism that could fail is the pin that connects the throwrod to 
the Nitinol rod.  In the initial prototypes, the surface area joining the pin and the Nitinol rod was large.  
However, in later device revisions, the Nitinol rod diameter was reduced, with the proximal end being 
replaced entirely with a thin metal plate.  This had the effect of reducing the contact area of the pin and 
increasing the probability of failure due to shear and bending.  For this calculation, it was assumed that 
the sheet metal part induced a point load approximately in the middle of the pin.   Also, it was assumed 
71 
 
that each end of the pin was fixed, as the pin is held in place by the throwrod.  As a result, the maximum 
allowable deflection of the pin was found by: 
 
EI
Fly
192
3
max

 
 (3) 
 
Where F is the applied load on the pin, l is the useful length of the pin within the ID of the throwrod, 
E is the material modulus, and I can be found by: 
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The maximum deflection of the pin is 0.188 in.  This result makes sense due to the high modulus of 
the material and the short length of the pin.  It is expected that the actual loading of the pin (5-10 lbf) will 
be substantially lower than the force required to obtain this deflection (87000 lbf).   
The last portion of the Nitinol deployment mechanism analyzed was the strain of the Nitinol as it 
passes through the small radius at the distal end of the tube.  If the material were to become permanently 
deformed as a result of overstraining as it passes through the curve, the tool would deploy in an 
unpredictable manner, possibly curving backward or curling away from the target tissue.  Since Nitinol is 
a superelastic material, it can experience a strain of 6-8% without undergoing permanent deformation.  In 
this study, the piece of Nitinol was treated as a single-strand wire rope, with the strain being found by (5): 
 
2
11 w
o
D








    (5) 
 
Where ρ is the radius of curvature and Dw is the diameter of the strand. The maximum strain was 
found to be 0.0625 in, or 6.25%, well within the limits of the material.  However, this would only provide 
a safety factor of 1 or less.  To provide additional margin, the Nitinol tool is supported by a Teflon-lined, 
72 
 
coiled tubing throughout the radius. This coil supports the material, while the Teflon reduces any 
frictional losses as a result of the Nitinol moving down the length of the coil. 
The tube was the final component to be evaluated.  During use, it is estimated that the tubing could 
undergo two potential movements: deflection at the tip and torsion.  Using basic beam theory and Finite 
Element Analysis, the maximum allowable deflection and force were found.  The maximum stress was 
found to be 46,200 psi, located at the tube retainer connection.  The maximum deflection of 0.05625 in 
was found at the end of the shaft. The FEA results are shown as follows: 
 
Figure 64: Bending stress FEA results for the shaft. 
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Figure 65: Deflection FEA results. 
 
It should be noted that the force required to produce the maximum torsion (shear stress) in the 
stainless steel tube would be significantly greater than the activation force of the fingerwheel.  Thus, the 
fingerwheel would turn prior to reaching the maximum stress in the material.  However, understanding 
the torsional performance of the shaft was necessary.  Thus, the FEA result of 1.58 lbf-in for maximum 
torsion allowed is shown below. 
Max Deflection 
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Figure 66: Maximum allowable torsion of the shaft. 
 
4.4.3. Tolerance Stack Analysis 
In order to ensure that the device maintains adequate clearances for proper functioning in high-
volume manufacturing, a tolerance stack analysis was completed.  The tolerance stack analysis was 
performed on the Nitinol tool deployment mechanism.  While a number of other potential tolerance stacks 
exist, including the loop made by the handle bodies and internal components, as well as the loop between 
the LCD housing and handle bodies, these items were not analyzed due to inadequate available time.  
However, similar analyses should be conducted in the future on additional loops to ensure proper fit of 
these components. The components contributing to this analysis are shown in Figure 67. It should be 
noted that the gear train was not included in the analysis, as the final rotational position of the gear does 
not matter.   
Max Stress 
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Figure 67: Components used to calculate the tolerance stack. 
 
While there is some debate as to the best method for determining the tolerance stack of a system of 
components, most literature agrees that for over three components a Root-Sum-Square with a small 
margin factor approach works well [73].  Assuming an RSS Margin Factor of 1.5, the minimum length, 
maximum length, and overall tolerance were found as shown in Table 7. 
Table 7: Final Tolerance Stack Analysis values for the Nitinol tool mechanism. 
 Maximum Minimum Tolerance 
Factored RSS 4.293 4.245 0.048 
 
4.4.4. Design for Manufacture and Assembly 
Time is money, even for low-volume production.  A rough approximation of cost for a product can be 
found by using the 80/20 rule; 20% of the parts produce 80% of the cost.  Furthermore, by simplifying the 
design, complexity and risk is reduced, making the device safer for patient and doctor alike.  For this 
reason, designing for manufacture and assembly (DFMA) is crucial and should be incorporated as early as 
possible into the design process.  Using the design principles in The Mechanical Design Process by David 
G. Ullman as a reference, this design for assembly focused on the following general guidelines [74]: 
1. Component count (especially fasteners) should be minimized. Simplify. 
2. Standardize.  Use common parts and materials. 
Housing 
Throwrod 
Tube 
Retainer 
Shaft 
Camera Bulb 
Rack 
Fingerwheel 
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3. Design with automation in mind. Design all components for end to end symmetry. Design all 
components for symmetry about their axes of insertion. Design components that are not 
symmetric to be clearly asymmetric. 
4. Design the product with an ―immovable‖ base component for locating other components. 
5. Mistake-proof assembly. Design components to mate from the same direction by using 
chamfers, leads, and compliance to facilitate insertion and alignment. 
6. Design for parts orientation and handling. Avoid component traits that complicate assembly, 
such as tangling, nesting, and flexible components. 
7. Maximize component accessibility. 
8. Design parts to fit within standard manufacturing practices.  Design for ease of fabrication. 
9. Minimize part variety and orientation in PCB design. 
Beginning with the first step, a total part count of 29 components was found.  Assuming a theoretical 
minimum number of components of ten, the improvement potential was found to be 65.5%.  Due to this 
high percentage, some possible redesigns were brainstormed to reduce the part count.  The four main 
ideas and their drop in component count is outlined in the below table, resulting in an actual improvement 
of 44.8%.  It should be noted that while a potential reduction of 13 components is possible for a 
production device, in order to simplify prototyping/rework and satisfy Design for the Environment these 
changes were not made.   
Table 8: DFM part reduction 
Suggested Change Drop in component count 
Combine power, LCD PCBs, and video 
connector 
-1 
Use snaps or ultrasonic welding, rather than 
screws, to join housings 
-9 
Mold gears and posts as a single part -2 
Combine camera bulb and tube -1 
Total reduction -13 
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The remaining seven steps were incorporated into the design, though some to varying degrees 
depending upon required design constraints.  The left housing was primary base feature and was used as 
the first part into the assembly nest.  However, another part was used as a secondary base, the main shaft. 
The main shaft was assembled first, assembling the camera PCB and housing, the Nitinol tool and pin, the 
throwrod and fingerwheel, and return spring.  The main shaft subassembly was then inserted into the left 
housing and connected to the remaining components.  Through both procedures to assemble the shaft and 
housing subassemblies, all parts were either axially loaded (shaft), or in the same plane (left housing).  
This allowed for easy access and the use of symmetrical components.  The only component lacking any 
symmetry was the rack, as this piece had to interface with the gearing (linear motion), the housing (linear 
motion), and the throwrod (rotation).  To increase the asymmetry of this part, it was designed as an ―L,‖ 
with the long part of the L meshing with the gearing, and the small part of the L fitting into the throwrod.   
 
4.4.5. Design for Environment 
Similarly to DFMA, Design for the Environment (DOE) should be incorporated as early as possible 
into the design lifecycle.  DOE primarily is a tool for responsibly managing a product at the end of its 
lifecycle.  How should a product be disposed?  Should it be recycled, reused (sterilized), or thrown away? 
Unless these questions are answered early on, many decisions that the product designer makes can 
adversely affect the recyclability or reusability of a product.  The main points that this design focused on 
were: 
1. Be aware of material affects and effects on the design and its environment. Use renewable or 
recyclable materials. Be aware of effects of material that cannot be recycled. 
2. Minimize material quantity. 
3. Design for durability. 
4. Reduce emissions from wear. 
5. Choose corrosion resistant materials. 
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6. Avoid lubricants, paint, surface treatments, and glue. 
7. Favor manufacturing processes with low or no emissions. 
8. Design the product with high separability—the design should be able to be easily broken 
down into as few different materials as possible.  
9. Design components to be made from a single, homogeneous, recyclable material that can be 
easily identified. 
The components in this design were chosen in such a way that a production-level device could be 
easily recycled, alleviating any potential hazardous effects from the device ending up in a landfill.  In 
addition, each part was produced using only a single type of plastic (no overmolding).  It should be noted 
that since these parts are currently produced using prototype materials, no material identifiers were used.  
However, production parts should include a date and cavity stamp, as well as a material code that can be 
machined into the steel tool.    
To satisfy numbers 2-4, a significant effort was made to reduce the part count and size of the parts, all 
while increasing their wear performance.  Meanwhile, items 5 and 6 were satisfied by using corrosion 
resistant materials like stainless steel.  Conveniently, these types of materials are also known to have good 
biocompatibility as well, making the device safer for potential human patients.  Sadly, to satisfy these 
same requirements, all metal parts are required to undergo passivation.  Passivation is a process where 
metal parts are cleaned using an acid-based solution, typically nitric acid, which has produced some 
concerns for environmental protection.  A production-level device is not expected to require glue or 
lubricants. 
Lastly, screws were chosen as the primary method of joining, as they are easy to 
assemble/disassemble and allow the product to be easily broken down after use.  Furthermore, all 
components were manufactured out of a single, homogenous material that allows for ease of recycling.  In 
addition, materials were chosen to satisfy the Restriction of Hazardous Substances (RoHS) and 
Registration, Evaluation, Authorization, and Restriction of Chemical (REACH) substances regulations, as 
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well as biocompatibility requirements.  These regulations limit the use of toxic substances such as 
hexavalent chromium, formaldehyde, and arsenic in products entering the European Union. While many 
of these substances are not routinely utilized in medical devices, environmentally damaging compounds 
like polyvinylchloride can still be found.  By designing with this regulation in mind, not only is the 
product safer for the environment, but it can be sold in the European Union and broader markets with 
similar environmental legislation.   
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5. Design Verification and Validation 
5.1. Verification Process 
Design Verification and Validation is simply the process of determining whether the manufactured 
product meets the customer and design requirements reliably and within specification.  It should be noted 
that the distinction between verification and validation is oftentimes subtle.  In this case, verification is 
taken to mean the degree to which the manufactured product meets engineering drawing.  Conversely, 
validation is the extent to which the product satisfies its designed purpose.  While the manufactured 
prototypes do not use production processes, and hence cannot be completely validated, they are still 
viable engineering prototypes that can assess whether the existing design meets specification, and to a 
lesser degree, whether the device does what it is intended to do.  A successful verification process must 
answer essentially the following question: 1) are measurement systems adequate to determine compliant 
product, 2) does the product actually comply?  This section will answer these questions using the basic 
process flow outlined below: 
 
Figure 68:  Basic verification process flowchart. 
  
5.2. A Note on Product Biocompatibility and Sterilization 
Satisfactory sterilization and device biocompatibility are paramount for a medical device.  A variety 
of sterilization methods currently exist for medical products [76].  Steam, also known as autoclave 
sterilization, is popular throughout hospitals and uses high temperature steam to sterilize a device.  While 
Part 
Measurement
Benchtop 
Testing
Tissue Testing
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fast, cheap, and environmentally friendly, the humidity and high-temperatures found inside an autoclave 
often increase corrosion of sensitive metal parts and can damage electronics.  For this FDA Class II 
device, two sterilization methods were under consideration, Ethylene Oxide (EtO), and hydrogen 
peroxide gas plasma (STERRAD).  EtO is a well understood and popular sterilization method that uses 
relatively low temperatures.  Unfortunately, it requires long cycle times, uses toxic materials, and needs 
custom facilities capable of handling EtO processing.  As a result, few hospitals have the ability to rely on 
EtO sterilization for regular use inside their facility, requiring outside firms to accomplish this.  It is for 
this reason that many centers are turning to STERRAD. 
Due to the sensitivity of the OV6920 camera PCB, STERRAD is the preferred method of initial 
sterilization, as cycle times are quite short (approximately 75 minutes or less) and temperature/humidity is 
low (45° C or less). In addition, there are no toxic chemicals used that could leave residues inside the 
device or cause health concerns with hospital workers.  Lastly, STERRAD is compatible with a wide 
array of materials, including 300-series stainless steels, polycarbonate (PC), acrylonitrile butadiene 
styrene (ABS), and many types and categories of adhesives.  For the production-level device, materials 
have been selected to comply with both EtO and STERRAD methods.  However, due to the current stage 
in the design process, a device is not yet ready for human and animal testing. Thus, the prototypes 
produced for this thesis were not required to be sterilized.  Undoubtedly, future devices will require 
STERRAD material compatibility testing, as well as low-cycle testing under the hydrogen peroxide gas 
plasma cycle.  It should be noted that while STERRAD may typically be applied to reusable products, the 
cycle can be used on single use devices as well.  This camera system is disposable, and is expected that it 
should only require a limited number of sterilization cycles to conform to FDA biocompatibility 
requirements.  
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5.3. Measurement Systems and Bench Top Instrument Testing 
A number of measurement systems were used for verification testing.  This equipment ranged from 
simple visual recognition of an on/off LED, to use of an INSTRON force testing machine.  Due to 
budgetary constraints, only a limited number of prototypes were available for all experimentation and as 
such could not be destroyed as a result of testing.  Subsequently, obtaining a truly statistical difference 
was difficult.  Nevertheless, due to the investigative nature of this project, the performed tests were 
adequate to determine general trends in device performance.  Thus, allowing for targeting of potential 
issues in future design iterations. The below testing was for preliminary engineering information and will 
be used when entering the IRB / FDA approval process; it does not include any animal or human testing. 
The results of this testing will be used to provide initial evidence indicating that the device is safe to 
pursue animal testing. All applicable test equipment was calibrated within the last year. 
   
5.3.1. Fit Check and First Article Inspection 
A general fit test was conducted prior to assembly to ensure that all parts could be assembled without 
modification, including all electrical components.  It should be noted that all prototype PCBs were 
evaluated at the manufacturer and test results were provided.  All electrical components passed. All 
plastic parts, with the exception of the LEGO gearing was constructed with a Dimension 1200es 3D 
printer, using ABSplus material.  Due to the prototype nature of this material, early part productions 
required extensive rework.  However, clearances were adjusted on subsequent versions and any fit issues 
were eliminated.  In addition, calipers were used to measure only simple height, width, and length of 
these plastic parts due to the complexities of the part surface.  All parts were within specification.   
The metal shaft was machined in house using the machine shop in the Durning Lab at the University 
of Colorado at Boulder.  While high tolerance fixturing was not available for machining purposes, the 
machined part was produced within specification.  However, future machining work for the product to be 
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used in animal or human testing should rely on improved fixturing to reduce part variability.  A 
recommended option for future production of this tubing would be the use of laser machining, as this 
method will produce a fast, highly accurate, clean part not available to standard machining techniques. 
Equipment: 
Item Manufacturer Information 
Performance Tool Digital Calipers W80152 
Acceptance Criteria: All parts must be within the specified part tolerance.  
Summary: All parts fit as intended and/or were within the specifications outlined on the 2D drawings. 
These drawings can be found in Appendix F—Dimensions and Engineering Drawings. 
 
5.3.2. Power, Ground, LED, and Video Line Continuity 
This test evaluates the completed circuit prior to power on, as any shorts or open circuits could 
adversely affect the electrical components on the device.  All electrical lines for the device were 
connected and checked for continuity, shorts, and open circuits using the multimeter.   
Equipment: 
Item Manufacturer Information 
Multimeter BK Precision Test Bench 388B 
Acceptance Criteria: No discontinuities or short circuits are allowed.  
Summary: No discontinuities or short circuits were found.  
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5.3.3. PCB Power On/Off 
The power management PCB was assembled and connected to a battery.  Once connected, the On/Off 
switch was opened and closed a total of 10 times. No degradation in performance was witnessed. 
Equipment: 
Item Manufacturer Information 
None N/A 
Acceptance Criteria: No noticeable degradation in the switch force or LED lighting is allowed.  
Summary: No degradation in performance was witnessed.  
 
5.3.4. Image Comparison 
The Image Comparison test evaluates the OV6920 imager against a benchmark and a competitive 
product, the Stryker 1188HD Laparoscope.  This test was conducted during the Development stage (refer 
to section 4.1.1) and was not repeated on subsequent prototypes. 
 
5.3.5. LCD and External Monitor Output Check 
The ability of the device to output to an external monitor was evaluated using two separate devices: a 
Dell CRT monitor and a Sony portable videocassette recorder.  The camera system was first attached to 
the V2V Pro plug adaptor using an RCA cable.  Next, the Dell CRT monitor was attached to the V2V Pro 
with a VGA cable.  All components were then turned on and verified that the camera system produced an 
image on the CRT monitor.  All devices were then turned off and the camera system was connected to the 
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Sony videocassette recorder with an RCA cable.  All devices were turned on and verified that an image 
was produced on the Sony player.  Lastly, the same image was verified on the onboard LCD screen. 
Equipment: 
Item Manufacturer Information 
Dell CRT Monitor Model #M992 
Plug Adaptor V2V Pro  
Sony Digital HD-Videocassette recorder HDV 1080i, GV-HD700 
Acceptance Criteria: The camera image must be clearly visible on both the CRT monitor and the 
cassette player. An image must be clearly visible on the onboard LCD. 
Summary: An acceptable image was produced on all screens. It was noted that some discoloring of 
the image occurred due to blooming on the mirror from the gluing process.  A potential solution to this 
effect will be discussed in Design Assessment and Recommendations.  
 
5.3.6. Weight 
The device was weighed to ensure that it was within acceptable device limits.   
Equipment: 
Item Manufacturer Information 
Digital Scale Salter-Brecknell 7010SB 
Acceptance Criteria: The weight must be less than 2 lbs.  
Summary: The measured weight was 8.2 oz (235 g).  The weight is within the required specifications.  
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5.3.7. Fingerwheel Rotation Range 
In order for the surgeon to keep the device stable while in the heart and still be able to adequately 
view defects, the fingerwheel and thumbwheel must be capable of moving through the required range 
with a low activation force.  For this test, the activation force was kept as a subjective measurement, as 
the prototype material tends to have greater frictional losses than the expected production material.  For a 
production device, a force gauge pushing on the wheel should be used to record the activation force. 
In order to measure the fingerwheel rotation range, the shaft was rotated to the maximum rotation 
angle in one direction and a mark was made on both the shaft and the device.  The shaft was then rotated 
to the maximum opposite direction and a mark was made on the housing.  The angle between these two 
marks was measure using a protractor.   
Equipment: 
Item Manufacturer Information 
Protractor N/A 
Acceptance Criteria: All parts must be within the specified tolerance of 180 ± 10 degrees.  
Results: 
Test Trial 1 (degrees) Trial 2 (degrees) Trial 3 (degrees) Average (degrees) 
Rotation Range 175 170 175 173.33 
Summary: The fingerwheel rotation range was 173 degrees. Due to tolerances in the plastic 
dimensions, as well as the thickness of the rotation stop in the part, a ± 10 degree tolerance is allowed.  
The fingerwheel rotation is within the required range.  
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5.3.8. Nitinol Tool Maximum Deployment Distance 
The extension of the Nitinol tool is important in order for the surgeon to thread the suture through the 
tool.  If the tool is too short, it will not reach through the defect.  Conversely, if the tool is too long it 
could potentially damage fragile heart anatomy.  The length of the tool was measured by extending the 
tool to the maximum extent possible and using the drop gauge on a caliper to determine the distance from 
the end of the Nitinol to the outer diameter of the shaft.   
Equipment: 
Item Manufacturer Information 
Performance Tool Digital Calipers W80152 
Acceptance Criteria: The deployed distance must be greater than 1.2 inches.  
Results: 
Test Trial 1 (in) Trial 2 (in) Trial 3 (in) Average (in) 
Extension 0.660 0.651 0.651 0.654 
Summary: The average length of the deployed tool was found to be 0.654 in. The tool deployment 
distance is not greater than 1 inch. As designed, this distance should be 1.2 in.  Frictional losses in the 
mechanism, buckling of the Nitinol tool around the radius, or an out of specification part (Nitinol is too 
short) would result in this error and should be investigated on future iterations.  Some possible solutions 
will be discussed in Design Assessment and Recommendations. 
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5.3.9. Nitinol Tool Pull 
Due to the critical nature of the Nitinol tool, the ability to maintain its integrity while being pulled is 
important.  To verify the strength of the tool, a small sampling of the tool end was made, using a small 
variety of assembly techniques.  In general, the tool is assembled by joining two strands of Nitinol using 
light-curing UV adhesive.  In early prototypes, the use of laser welding to join the two strands was 
investigated.  However, effectively joining these thin wires proved too difficult for the available 
equipment.  A different possibility for circumventing this problem will be discussed in Design 
Assessment and Recommendations.  
Two groups of UV adhesive were investigated.  These groups were subdivided into two groups where 
the Nitinol was either sanded or not, as it was believed that sanding away the oxide layer could potentially 
increase adhesion.  Two samples of each group were made. These samples were labeled then the glue was 
measured from tip of the tool to the proximal end, and across the widest part.  Each sample was then pull 
tested one by one in the Instron.  The maximum pull force was recorded. The sampling plan is shown in 
the below table.  
Manufacturing Method 
Glue Type 
Loctite 3922 Loctite 3301 
Non-sanded 3922NS 3301NS 
Sanded 3922S 3301S 
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Equipment: 
Item Manufacturer Information 
Instron 5500-C7500 
Acceptance Criteria: All parts must be within the specified part tolerance.  
Results: 
The below table shows the raw data and applicable averages for the Nitinol tool pull test.  Figure 69 
illustrates the pull cycle.  It is interesting to note that the sample has a mostly linear section for the first 
part of the pull.  However, a plateau is quickly reached, where the Nitinol stretches extensively.  After a 
short time, the force once again increases rapidly and ultimately breaks.  Figure 70 shows a broken test 
sample.  The most common failure mode was the Nitinol delaminating from the UV cure glue, rather than 
the metal yielding.  The general test setup is shown below in Figure 75 and Figure 76. 
Upon initial inspection, it seemed that the maximum force would be achieved with the Loctite 3922, 
sanded manufacturing method.  However, before any affirmative conclusion could be drawn, the data 
needed to be checked for normality.  This was accomplished using a probability plot with 95% 
confidence, as shown in Figure 71. Since no data points were out of range, as given by the left and right 
most blue lines, the data was taken to be normal.  Furthermore, a histogram plot shows a rough, normal 
curve shape (Figure 72).   
Next, the two glues and two finishing methods were compared, using a boxplot (Figure 73).  From 
this graph it becomes obvious that a statistical difference exists between the two finishing methods using 
the 3301 glue.  However, this becomes less clear with the 3922 Loctite and more testing should be 
performed to make a statistical conclusion.   
Lastly, the Force was plotted against the diameter and length of the Nitinol tool samples.  It can be 
seen from the graphs in Figure 74  that as the diameter and length increase, the maximum pull force 
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before failure increases as well.  Ultimately, the design will limit how large these bulbs can be.  However, 
these graphs show that the size should be maximized to obtain the best performance.  The questions 
remains, how big should the UV cure ball be to obtain the required performance characteristics?  Using 
the Linear Regression obtained from the graph, two equations were obtained for Outer Diameter (6) and 
Length (7): 
0446.00032.0  ODF  (6) 
0485.00082.0  LF  (7) 
 
Where OD is the outer diameter of the UV ball and L is its length. If these equations are solved for 
OD and L using Force values of 5 lbf, the soar from the existing numbers to 1548 in and 603 in, 
respectively.  Similar results occur for 2 lbf, with an OD of 611 in and L of 238 in.  Thus, the use of UV 
cure to fix the Nitinol strands is not sufficient and will require a redesign and verification before any 
animal or human use.  It should be noted that the R-square values for (6) and (7) was 0.0345 and 0.1324, 
respectively.  However, despite the large margin of error in these equations, the resulting values are still 
too large to prove an adequate design solution.   
Table 9: Raw data from the Nitinol tool pull to failure test. 
Unit 
Max Force 
(lbf) 
Diameter 
(in) 
Length 
(in) 
1-3922S 1.606 0.050 0.058 
2-3922S 1.867 0.047 0.062 
Average 1.736 0.049 0.060 
3-3922NS 1.990 0.063 0.071 
4-3922NS 1.073 0.062 0.083 
Average 1.531 0.063 0.077 
5-3301NS 1.407 0.039 0.050 
6-3301NS* 1.449 0.037 0.052 
Average 1.428 0.038 0.051 
7-3301S 0.546 0.048 0.048 
8-3301S 0.562 0.045 0.050 
Average 0.554 0.047 0.049 
*Tested 3 times as a result of slipping 
   **S=sanded 
   **NS=not sanded 
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Figure 69: Pull to failure test of Nitinol tool samples. 
 
 
Figure 70: Broken test sample. 
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Figure 71: Probability plot showing normality of the test data. 
 
2.001.751.501.251.000.750.50
3.0
2.5
2.0
1.5
1.0
0.5
0.0
Force
Fr
e
q
u
e
n
c
y
Histogram of Force
 
Figure 72: Histogram chart illustrating the Pull Force of the Nitinol tool 
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Figure 73: Boxplot comparison of Loctite 3301 and Loctite 3922 in both sanded and non-sanded 
configurations. 
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Figure 74: Force comparison of diameter and length versus force. 
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Figure 75: Nitinol Pull to Failure test setup using the Instron. 
 
 
Figure 76: Close-up of test setup. 
 
5.3.10. Excised Tissue Testing 
The true benchmark of any medical device is how it functions on its target tissue.  In order to obtain a 
baseline for how the device performs, the camera system was tested on an excised porcine heart.  The 
Load Cell 
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heart measured approximately 3.5 in x 5 in, as shown in Figure 77. While significantly larger than a 
pediatric heart, the adult porcine heart served as a useful analog for checking surgical procedure methods, 
maneuverability inside the heart, and verifying image characteristics and quality.  
The heart was frozen for transportation and allowed to thaw at room temperature for a few hours prior 
to the test.  It was noted that the tissue was overly thick and non-compliant as compared to tissue typically 
found in a human patient at normal body temperature.  It is thought that these tissue properties could have 
contributed to poor performance of the device while in use.   
  
Figure 77: Excised heart used in benchtop testing.  A ruler is added for scale. 
 
The aorta was held open using 5 sutures, which were clamped and allowed to hang over the side of 
the table.  The heart cavities were then flushed with saline to remove any remaining fluids.  A pair of 
tweezers was then passed through a ―VSD‖ that had been made in the wall of the ventricle.  The Nitinol 
tool was also deployed in an attempt to pass through the created VSD.    Unfortunately, due to the 
thickness of the myocardium, the tool was not seen.  Furthermore, the ventricle had substantially 
collapsed such that tissue was within the focal length of the device, making a clear image difficult to 
obtain.  In order to alleviate this tight space, a small incision was made in the left ventricle and the heart 
wall was pulled outward, as shown in Figure 78. From this image the thickness of the heart tissue could 
be easily seen. 
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Figure 78: Device in use during the excised tissue test. 
 
The below table lists some of the surgeon feedback obtained from the tissue test.   
Table 10: Surgeon feedback and suggested improvements resulting from the excised tissue test, and 
the proposed engineering solution. 
Meets Requirement 
Improvement Needed 
Issue Proposed Engineering Solution 
~1 cm focal length is ok Resolution could be clearer Incorporation of fiber optics.  Refer to 6.2.1. 
Device shaft length OK 
The LED brightness needs to be 
increased by approximately 3X 
Change component to higher candela output.  
Add additional LED. 
LCD OK 
A malleable or steerable tip would be 
beneficial 
A steerable tip would be too complicated for 
this generation of device.  However, this 
could be integrated into a future device. 
Handle comfort OK Nitinol loop needs to be bigger 
This can be addressed by using fixturing 
during the manufacturing process 
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6. Design Assessment and Recommendations 
6.1. Strength and Weaknesses of the Existing Design 
Each evolutionary step of the final prototype served as a great learning tool.  It allowed not only the 
engineering team to hone their design, but allowed the surgical team to articulate their needs to the 
engineers more easily.  Furthermore, the prototypes generated substantial interest from external surgical 
team members that made additional feedback easier to obtain.  The prototype devices were refined to 
sufficiently fit a size 7 glove, the glove size of the average surgeon.  The location of controls, how they 
should perform, and how large or small they should be were able to be locked down, paving the way for 
future teams to refine overall device performance in an animal or bench top lab setting.   
With the control parameters fixed, a functioning mechanism was developed to provide the required 
forces and linear distances needed to aid in the repair of ventricular septal defects.  While some 
refinements are still required to account for unanticipated frictional losses, the mechanism was shown to 
perform as expected.  In addition, a wide knowledge base was developed that should decrease the design 
cycle in the future.  Concurrently, a useful design path has been established that will reduce the need to 
learn by making mistakes.  The necessity of protecting the electronics from fluid (potting), the need for a 
spring return/ratchet mechanism for tool deployment, and a practical method for supporting the Nitinol 
tool as it moves around a sharp corner were all lessons learned.   
Due to technological limitations, the device image quality did not meet either engineering or surgeon 
expectations.  While the use of a mirror allowed an off the shelf PCB to function in this device, it was far 
from ideal.  With most competitive products offering high definition image resolution, the effectiveness 
of a device relying on a QVGA chip simply does not make sense.  In addition, the chip orientation should 
be perpendicular, when compared to the surface of the heart (or valve) wall. Similarly, the produced 
image was rotated 90 degrees from the ideal.  This will need to be corrected in future devices either by 
rotating the camera chip or using software to rotate the image at the LCD.  However, as technology 
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catches up to the surgical need and continues to shrink in size, image quality and resolution can only 
improve.   
Another shortcoming of the device, although somewhat alleviated by the use of a coiled tube, is the 
deployment of the Nitinol tool.  Inside the current device, the Nitinol tool is adequately supported.  
However, the safety factor for this subsystem is still low and a method for controlling the tool once it has 
exited the shaft of the device does not yet exist.  Concurrently, the existing (and most popular) oxide 
coating of the Nitinol is black.  While difficult, in order for this tool to be adequately visible while 
deployed, the oxide color will need to change to a bright, easily identifiable color like Huntsmen’s 
Orange.   
Lastly, the existing 9 V battery is bulky, heavy, and cannot be recharged.  In order to fix both of these 
issues, it is recommended that a thin, lightweight, rechargeable lithium-polymer battery be used.  
Undoubtedly, this type of battery will require further circuitry in the Power Management PCB to regulate 
the recharging of the device.  However, this is an obstacle that will need to be overcome in order to 
eventually make this device reusable. 
 
6.2. Recommended Design Changes and Future Work 
While some improvements have been identified, these are not obstacles that are immune to being 
overcome.  By making design changes to the distal portion of the device, as well as adding some 
additional technology, most of the customer and marketing requirements can be met.  These changes are 
outlined below.   
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6.2.1. Resolution and Tool Improvement 
Image resolution was a limiting factor in the camera system.  However, a number of similar, though 
larger laparoscopes rely on fiber optic technology to transmit a high-definition image.  While these 
systems are too cumbersome, expensive, and large to work within the design envelope of the VSD camera 
system, some of the physical properties exploited by fiber optic systems can be utilized.  A high-
definition camera chip can be mounted inside the handle body, in-line with the major axis of the shaft.  
The camera would then look through a 1.6 mm OD fiber optic image conduit, available from Edmund 
Optics for $100, with a 45 degree rod mirror ($60) on the distal end. The connection between the image 
conduit and the rod mirror would require the use of an index match glue (Norland #61) in order to 
transmit the image accurately.  Furthermore, this glue would need to be evaluated for biocompatibility.  
Lastly, this design would require that the numerical aperture of the camera match that of the image 
conduit or the resulting image will be dim.  The basic design is shown below. 
 
Figure 79: Sketch showing a potential design using fiber optics.  A—45 degree rod mirror, B—
mirrored, metalized surface for reflecting the image, C—fiber optic image conduit, D—High-
definition camera imager located in the handle body. 
 
Alternatively, the 45 degree mirror could be replaced by a flexible fiber optic mounted inside a 
swiveling housing as shown below.  Out of the box, the camera would be aimed down the axis of the 
device, allowing the surgeon to insert the device through the aorta and aortic valves without having to 
reorient the camera.  Once inside the heart, the surgeon could articulate the device, pivoting the camera 
bulb into a 90 degree (or other degree) position to the heart wall.  Concurrently, the Nitinol tool would be 
immediately adjacent to the fiber optic.  As the swivel housing is rotated, the Nitinol tool would be bent 
around the outer radius of the housing while a spring in the housing maintains the required tension.  This 
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would allow the tool to be deployed over a wide range of angles in a predictable manner.  Moreover, the 
Nitinol tool would only experience maximum strain at the 90 degree position, maintaining a higher safety 
factor throughout the range of motion.   
 
Figure 80: Sketch showing a possible device using a rotating camera bulb. A—Camera bulb 
housing, B—Camera, C—Nitinol tool, D—Shaft. 
 
Lastly, assembly and manufacturing fixturing should be used when constructing the critical 
components of the device, such as the Nitinol tool or (laser) machining the main shaft.  Fixturing the 
Nitinol would make laser welding possible by holding the thin wires in position.  Then, the wires could be 
welded in place with the addition of a filler material [76]. Similarly, manufacturing fixtures would make it 
possible to laser cut the tube, allowing for highly accurate, cheap, and quickly produced parts.   
 
6.2.2. Sterilization, Bioburden, and Human Testing 
Unfortunately, due to sample size restrictions prototypes were not able to be sterilized, as units were 
needed for other testing.  While it is a remote chance, the possibility of incompatible materials exists and 
should be tested prior to animal or human testing.  Furthermore, bioburden will need to be assessed after 
the STERRAD cycle to determine if it is a viable sterilization method for the camera system.  Lastly, 
material biocompatibility will need to be tested to ensure that all materials comply.  Since this device will 
be utilized in open surgical procedures, it is critical that all exposed surfaces will not cause harm to the 
patient, either by harboring bacteria or by exuding toxic material that could fall into the patient.   
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6.2.3. Integration of Wireless Technology 
One piece of feedback from the customer included using wireless transmission, rather than cables to 
connect to external monitors.  Due to the existing complexity of the device, this suggestion was not able 
to be implemented.  However, by using an existing off the shelf wireless module such as Bluetooth, Wi-
Fi, or XBee, wireless technology could be integrated into a future product design.   
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7. Conclusion 
The Intracardiac Camera System will solve some of the major issues currently associated with both 
cardiac imaging and surgical intervention.  After opening the chest and placing the patient on 
cardiopulmonary bypass, the device would be inserted through a small incision in the aorta.  The onboard 
LED and camera module would allow a surgeon to clearly inspect the aortic semilunar valve as it passes 
into the left ventricle.  Once in the LV, a surgeon would have a clear view of any defects on the device's 
LCD screen, due to the smooth wall of the LV.  If the surgeon needed to show students or other team 
members in the operating room, the camera system image could be displayed on an OR monitor.  Using 
the fingerwheel on the device, a surgeon could inspect 359 ± 10 degrees around the LV without adjusting 
the overall position of the device.  Upon using the camera system, a surgeon would have a detailed image 
of the interior of the heart, allowing him or her to identify the best approach for fixing the defect even 
before the heart is opened. This entire process allows a surgeon to quickly obtain critical images of 
internal structures without damaging the heart itself, as in a typical open surgery, further reducing the 
time a patient is in both surgery and recovery.   
The disposable, affordable design of the device will help ease some of the high costs associated with 
sterilization and medical imaging of cardiac defects without significantly compromising the quality of the 
image.  The real-time color video far exceeds the information obtained from a stethoscope or chest x-ray, 
with the imaging quality only improving as camera sensors shrink in size.  Furthermore, the small 
diameter of the shaft (5 mm) is suitable for a wide variety of anatomy, from children to adults, making the 
device adaptable to a variety of surgical interventions.  It is expected that the diameter of the device will 
only reduce in size with time, allowing for ever smaller patients and anatomy, such as the pulmonary 
arteries and veins for use in Atrial Septal Defects.   
During an open surgery, the device becomes an integral tool for fixing the defect.  Manually repairing 
a defect in the heart can be thought of as stitching a hole in rice paper without making the hole bigger in 
the process, a feat more easily accomplished if one has access to both sides of the paper.  Currently, this 
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surgery is done primarily based on feel, or at best, a fuzzy echo image all from the same side of the paper.  
In the camera system, a small, flexible grasping tool constructed of Nitinol allows the surgeon to feed a 
suture back and forth through the defect, aided by the device's camera.  The highly flexible Nitinol tool 
bends around the fragile anatomy of the heart without causing damage, and is retracted back into the shaft 
of the device.  In addition, the continuous video is expected to further reduce complications by providing 
visual confirmation that the defect has been sufficiently corrected.  The need for a second surgery would 
be lessened as a surgeon could immediately inspect from within the heart whether a patch is holding, a 
valve requires repair, or another defect is present that was not seen earlier.  After completion of a surgery, 
the device is disposed of, eliminating the cost and risk of sterilization. With some additional 
modifications and testing, the Intracardiac Camera System can be a reliable and integral tool for aiding 
surgeons in the repair of Ventricular Septal Defects. 
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9. Appendix A—QFD House of Quality 
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10. Appendix B—FMEA 
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11. Appendix C—Bill of Materials 
BOM Item Description Material 
Estimated 
Cost per 
Item Quantity Total 
V2 Assm Top assembly     1 161.64 
Body – Left Left handle PC/ABS 3.00 1 3.00 
Body – Right Right handle PC/ABS 3.00 1 3.00 
90380A108 Thread-forming screw Zinc-plated 
steel 
0.10 5 0.50 
Rod Assm Rod subassembly     1 6.75 
Drive rod Drive shaft 316 SS 1.00 1 1.00 
Rod flag Sheet metal flag 316 SS 0.50 1 0.50 
Crimp Crimp 304 SS 0.25 1 0.25 
Nitinol strand Nitinol wire with UV ball 
on end 
Nitinol 5.00 1 5.00 
97395A401 0.063in dia,  1/4" long pin 316 SS 0.37 2 0.74 
Tube Main shaft 304 SS 1.00 1 1.00 
24-tooth gear Large LEGO gear PC/ABS 0.12 1 0.12 
16-tooth gear Small LEGO gear PC/ABS 0.10 1 0.10 
9mm axle Long axle HDPE  0.50 1 0.50 
9mm axle – front Short axle HDPE  0.50 1 0.50 
Rack Rack drive interface with 
throw rod and gearing 
Acetal 
homopolymer 
2.00 1 2.00 
Throw ring Long cylindrical interface 
with shaft 
HDPE 2.00 1 2.00 
Fingerwheel Canister wheel ABS  2.25 1 2.25 
Tube retainer Shaft half bearing HDPE  1.00 2 2.00 
CXXX-0129-10 Compression spring 316 SS 1.01 1 1.01 
Ratchet lock Ratchet safety mechanism PC 1.00 1 1.00 
9287K170 Torsion spring 302 SS 4.26 1 4.26 
Camera PCB Camera circuit board N/A 5.00 1 5.00 
Camera housing – left Left camera bulb housing PC 2.75 1 2.75 
Camera housing – right Right camera bulb 
housing 
PC 2.75 1 2.75 
Power PCB Power management 
circuit board 
N/A 10.00 1 10.00 
Pot dial Potentiometer dial ABS 1.00 1 1.00 
On/Off switch On/off switch cover ABS 1.00 1 1.00 
9V Battery 9V Battery N/A 1.00 1 1.00 
LCD Assm LCD housing assembly     1 107.40 
LCD PCB Main LCD circuit board N/A 100.00 1 100.00 
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LCD back housing LCD assembly rear 
housing 
PC/ABS 3.00 1 3.00 
LCD front housing LCD assembly front 
housing 
PC/ABS 3.00 1 3.00 
Gasket – front Rubber shock absorber 
between LCD and front 
housing 
Poron 0.50 1 0.50 
Spacer Rubber shock absorber 
between PCBs 
Poron 0.25 2 0.50 
90380A108 Thread-forming screw Zinc-plated 
steel 
0.10 4 0.40 
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12. Appendix D—Design Calculations 
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Where: 
 M is the moment 
 I/c is the section modulus 
 Wt is the force applied to the tooth 
 l is the tooth height 
 F is the face width 
 t is the tooth thickness 
 p is the pitch 
 Y is the Lewis Form Factor 
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PIN STRESS AND DEFLECTION 
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Where: 
 F is the applied load on the pin 
 L is the useful length of the pin 
 E is the material modulus 
 I is the second moment of area 
 D is the outer diameter 
 A is the area 
 
LED RESISTOR 




160
25
59
R
mA
VV
I
V
R
IRV
 
Where: 
 V is the voltage 
 I is the current 
 R is the resistance 
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REDUCTION IN PART COUNT 
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Where: 
 TMC is the theoretical minimum part count 
 Componentsinitial is the initial number of components 
 Componentsredesign is the number of components after the redesign 
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13. Appendix E—Tolerance Stack Analysis 
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14. Appendix F—Dimensions and Engineering Drawings 
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